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Abstract

The dark matter (DM) problem is currently one of the most pressing issues facing
physics. This thesis presents some of my work and contributions to the detectors em-
ployed by the Super Cryogenic Dark Matter Search (SuperCDMS), one of the many
experiments currently investigating DM. First, we present an overview of astrophysical
and cosmological observations to give insight into our current understanding of DM
and its role in the universe. Some potential particle DM candidates are also discussed.
Then we describe the SuperCDMS experiment and relevant detector technologies. We
go into particular detail in discussing the phonon sensors, deriving the relationships that
define their fundamental working principles and describing their practical deployment.
We also discuss the main noise contributions to the phonon sensors which can limit
experimental sensitivity.

We then present some work related to reconstruction of event position in the detec-
tors, including new analysis techniques and a novel cryogenic calibration source mover
we have developed and tested. We also present tests of improving experimental scala-
bility by increasing individual detector masses using the largest-diameter cryogenic Si
detectors yet operated. We present first experimental results from the novel use of (n,~)
processes to calibrate the low energy nuclear recoil energy scale. This work is essential
to understand how DM-nuclear interactions will manifest in semiconductor detectors.
We also take a short look at the newest, most sensitive detectors currently operated by
SuperCDMS and discuss how they are allowing new insights into critical physics pro-
cesses in all SuperCDMS detectors. Finally, we demonstrate how some of the various
improvements discussed in this work can improve the experimental reach of the next

generation of SuperCDMS at SNOLAB.
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Chapter 1

Dark Matter

This chapter provides an overview of the dark matter (DM) problem. The first section
discusses the current evidence for a large amount of DM in the universe. The second
section briefly outlines some popular candidates for particle DM. The last section then
describes the many methods and experiments by which people are currently attempting

to detect particle DM.

1.1 Evidence for Dark Matter

Diverse areas of physics supply compelling evidence that baryonic matter is only a
small part of the total matter content of our universe. This section presents some of the
main arguments from astrophysics and cosmology for the existence of non-baryonic DM.
These arguments generally involve inferring the presence of DM through its gravitational
interactions with normal baryonic matter. The treatment in this section is relatively
brief. For an interesting overview of the historical evolution of our understanding of

DM, the interested reader is directed to Ref. [1].

1.1.1 Galaxy and Cluster Dynamical Measurements

Lord Kelvin first applied the kinetic theory of gases to a galaxy of stars to make a
dynamical estimate of the total mass [2]. He used estimates of the velocities of local
stars to place a rough constraint on the amount of unseen matter in the galaxy. Early

famous evidence for DM came from observations of galactic motion within the Coma



2
cluster [3]. In his 1933 paper, Zwicky used redshift measurements to calculate the
dispersion of apparent velocities of 8 galaxies in the cluster. Using the Virial Theorem,
a total mass two orders of magnitude larger than that typical of the luminous matter
was found.

At the galactic scale, evidence for DM was first shown by measuring Ha and NII
lines in a set of 21 spiral galaxies to calculate their rotation curves, the stellar rotational
velocities as a function of radius from the center of each galaxy [4]. It was found
that, even across a wide range of galaxy size and luminosity, these rotation curves all
exhibited approximately flat behaviors outside of their central nuclei and continuing
out to Ry, which encompasses 83% of total integrated light from the galaxy. A set of
such measured velocity curves can be seen in [Fig. 1.1} However, a simple application of
Newton’s Laws shows that, at radius, R, of a galaxy having enclosed mass, M(R), the
rotational velocity, v(R), satisfies

GM(R)

v?(R) = —5 (1.1)

Thus, the observation that v(R) = const implies that the mass distribution is going
as M (R) o R. The total mass actually scales with radius even though the luminous mass
distribution falls off. This implies the presence of significant DM halos on the galactic
scale. More recently, similar results were found by using the 21 ¢m Hydrogen line to
measure rotation curves of cold dust in spiral galaxies [5]. While arguments can be made
that galactic and cluster dynamics are still not entirely understood, the existing evidence
is sufficiently strong that any DM candidate must explain these dramatic effects. While
the Milky Way’s rotation curve is more difficult to determine than other galaxies, the
present measurements and modeling indicate that even our host galaxy is dominated
by DM [6].

1.1.2 Gravitational Lensing

Evidence for DM can also be found at the scale of galaxy clusters with the observation
of gravitational lensing. As predicted by General Relativity, light coming from distant
sources can be deflected by the mass of a foreground object, causing distortions in the

image of the distant source. In particular, a lens of point mass M will deflect a light
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Figure 1.1: Measured rotation curves from a sample of 21 spiral galaxies. Despite
differences in scale, all show flat rotation curves. Taken from [4].

ray by an angle a = 4GM /bc?, where b is the ray’s impact parameter [7]. Extreme
examples of this effect are the arcs and rings predicted by first Chwolson in 1924 [§]
and now commonly observed by the Sloan Digital Sky Survey and the Hubble Space
Telescope. With detailed modelling, the amount and shape of the distortion can be used
to estimate the foreground object’s total mass and mass distribution. This approach
does not rely on dynamical galactic models and is, in principle, a direct measure of the
total mass of a galaxy or cluster. While this provides clear evidence for DM’s existence,
such strong lensing effects are relatively rare. A more fruitful approach has been to look
at the much subtler, though more common, weak lensing regime.

Farther from the high-mass centers of lensing objects, the shapes of background
galaxies appear only slightly deformed. This effect is known as weak lensing. Because
the effect is so small, the distortion of images of multiple lensed objects must be analyzed
statistically to constrain the lens mass. However, this method enables the measurement
of detailed mass distributions out to larger radii than with strong lensing. In particular,
halo radii extending out to 260 h~'kpc have been measured [9] (h is a factor commonly
used to parameterize our ignorance of the value of the present Hubble constant with
H =100 hkm s~! Mpc™!). This is much farther than is found from either strong lensing
or orbital tracers. In another study, a set of weak lensing galaxies was surveyed and the
average mass distribution was fit to the commonly-used Navarro-Frenk-White density
profile. By calculating likelihoods of various ellipticities of the DM halo, limits that
effectively excluded simple spherical DM halos were found [10]. This further supports

the existence of DM as opposed to alternative theories of gravity which cannot easily



reproduce such anisotropies at large radii.

In most galaxies and clusters, dark and luminous matter are found in equilibrium
states and are thus spatially coincident, following their common gravitational poten-
tial. This makes measurements like rotation curves dependent upon assumptions about
galactic content and evolution. However, in an event such as merger of two clusters, the
intracluster plasma (which makes up the majority of the baryonic matter) will experi-
ence a fluid-like collision while the non-collisional galaxies and DM will not, allowing
the mass components to be disentangled. Precisely this scenario has been examined
in the Bullet Cluster [I1]. When gravitational microlensing was used to map the mass
distribution of the two colliding clusters, the mass was found to align with the spatial
distribution of member galaxies rather than the distribution of the intergalactic plasma
as measured by x-ray emission. shows the calculated mass and plasma distri-
butions. This rare event provides dramatic evidence that significant non-collisional DM
halos exist, even at the cluster scale. This same structure also provides an opportunity

to constrain the cross section for DM self interactions to o/m < 1 cm?/g [12].
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Figure 1.2: Distributions of matter in the Bullet cluster. Contours show mass distribu-
tion measured from weak lensing. The right panel includes x-ray imaging of intracluster
plasma, demonstrating its separation from collisionless DM. Reproduced with permis-
sion from [IT].

1.1.3 Cosmological Evidence

Some of the strongest evidence for the existence of DM comes from cosmological observa-
tions including large scale structure and the primordial elemental abundances resulting

from the Big Bang. These arguments deal with the total mass and energy content of
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the universe and show that, for the observed structure to be consistent with our current
cosmological theories, DM is required to be cold, non-baryonic, and several times more

abundant than ordinary matter.

Friedman Equation and Matter Density

To connect the shape of our universe to the features of DM, a bit of background cos-
mology is required. The universe is observed to be homogeneous and isotropic on the
largest scales. The Friedmann-Robertson-Walker (FRW) metric describes such a space-

time with a maximally symmetric subspace evolving in time, and is given by

ds* = dt* — a(t)? | r?dQ?* + dr® (1.2)

1 — kr2 '
where a(t) is the scale factor and k € {1, —1,0} describes the curvature as closed, open,
or flat [7]. Inserting the FRW metric into Einstein’s Equations yields the Friedmann

Equation,

8tGp k

where p is the total energy density and the Hubble parameter, H = a/a, has been

H2

introduced. This relates the contents, p, and curvature, k, of the universe to the scale
factor expansion rate at any era. It is convenient to define the density parameter
Q; = g%ﬁ pi, where p; denotes contributions to the total energy density p = )", p; from
matter, radiation, and vacuum energy. This notation allows the Friedmann equation to

be written as

k
Q:QM—FQR-FQA:l—i-m (1.4)

where Qj7, Qr, Qa are the matter, radiation, and vacuum energy contributions respec-
tively. Note that Qs contains contributions from both baryonic (Qg) and DM (£2,).
Thus the total energy density of the universe is directly related to its spatial curvature.

Constraints on ); and k can be found via a number of complimentary meth-
ods. The luminosity distance of SN1A are affected by the expansion history (i.e. a(t))
and can be fit with cosmological models that depend on parameters such as Q;7, Qj,

and k. Recent such studies have provided measurement of the present-day values of
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Qa0 = 0.307 £ 0.012 and values of kg consistent with 0 [I3]. The Cosmic Microwave
Background power spectrum can also be used to constrain the matter density because a
higher matter density tends to diminish smaller scale density fluctuations. The Planck
collaboration has used this to determine a value of Q79 = 0.3111£0.0056 [14]. Baryon
Acoustic Oscillations (BAO) can also constrain Q. Here, the largest scale of matter
oscillations depends on the balance of matter and radiation density in the universe prior
to recombination. The over-densities of these oscillations became the seeds for large-
scale structure formation. By measuring the correlations scales of structure in the local
universe BAO measurements alone can constrain Q79 = 0.303 = 0.040 [15].
As discussed in the remainder of this section, for the measured curvature, the baryon
energy density is not large enough to account for the observed total matter density of
Qar,0 ~ 0.3. This provides strong evidence of the influence of DM even at cosmological

scales.

Big Bang Nucleosynthesis

Big Bang Nucleosythesis (BBN) describes the synthesis of the light elements in the
beginning of the universe. Its predictions can be used to constrain the baryonic matter
density, 2p. In the first seconds after the Big Bang, the universe consisted of a hot
plasma of elementary particles. The energy density was dominated by radiation, and
weak interaction processes kept protons and neutrons in equilibrium [I6]. As the scale
factor grew, the radiation density fell, lowering the average temperature of the universe.
At temperatures well below the nucleon mass, the equilibrium ratio of neutrons to
protons became n,/n, ~ exp(—Am/T) [I7]. Eventually, the neutron-proton inter-
conversion rate fell below the Hubble expansion rate and the weak interactions quickly
froze out. This occurred at T ~ 0.8 MeV, giving n,,/n, ~ 1/6. Due to free neutron
Beta decay, this fell to a value of ~ 1/7 before production of the light elements began
[18].

With the initial n,/n, ratio set, the first bound element to form was deuterium
via p+mn < D+ ~. Even though the binding energy of deuterium is only 2.2 MeV,
its formation was delayed until the photon temperature was much lower. Given the
baryon to photon ratio, n = ng/n, ~ 10719, any deuterium formed was quickly photo-

dissociated by high energy photons. So it was not until the temperature reached ~



0.1 MeV that deuterium production really began to take hold.

Once this process began, most of the neutrons were quickly used to form deuterium
and were thence combined into *He, the most stable light element. Most of the deu-
terium formed went into “He during this time. The precise amount was determined by
the expansion history, which was governed by 7. Then, given a good measurement of
n (which we will see in is provided by precision observation of the Cosmic
Microwave Background) the amounts of primordial deuterium, *He, and the other light
elements, are good probes of (1p.

4He abundance can be measured via its emission lines in metal-poor extra-galactic
HII regions in the local universe. Because it is also created by stars, He is correlated
with metallicity of the environment. Extrapolation back to zero metallicity then gives
an estimate of the primordial helium mass fraction, Yp [19]. Several recent analyses
[20, 21) 22] of such systems report values around Yp ~ 0.245, which corresponds to
Qph* ~ 0.02.

While He emission has provided the most stringent estimates of Yp, other methods
such as measuring absorption of quasar light in primordial intergalactic gas clouds [23] or
fitting for the effect of Yp on the damping tail of CMB anisotropies [24] yield independent
confirmation of these values.

Deuterium abundance is also measured in high-redshift, low-metallicity quasar,
which have nearly primordial abundances. It is identified by its isotope-shifted Ly-
man transitions absorption. Only a few such systems have been measured, but values
of the D/H ratio yield n = 5.6 + 0.5 x 107! corresponding to Qgh? = 0.0205 & 0.0018
[25]. Thus BBN provides multiple indications that less than 20% of the matter density

of the universe can be accounted for by baryons, with the remainder assumed to be DM.

Cosmic Microwave Background

Observation of the Cosmic Microwave Background (CMB) also provides compelling
evidence for the presence of substantial amounts of DM. As the scale factor continued
to grow after BBN, the temperature of the universe fell until it reached T ~ 0.3 eV, at
which point the first neutral atoms began to form in a period (confusingly) known as
recombination. Once conditions were suitable for atoms to remain stable, the photon

mean free path became long enough that they were essentially free streaming. The
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energies of these free streaming photons still carry the imprint of the matter they last
interacted with, providing valuable insight into conditions of the early universe.

The first remarkable feature of the CMB is that its spectrum is that of an incredibly
uniform and nearly perfect blackbody of T' = 2.72548 4+ 0.00057 K [26]. Atop that
uniform signal, however, there are small temperature variations which give a map of
particle density fluctuations in the surface of last scattering. The power spectrum of
these temperature anisotropies is defined as

l

Ci=grg O (laml) (1.5

m=—1
where a;,,, are the coefficients of the expansion of §7°/T in spherical harmonics. The
measurements of this angular temperature spectrum, shown in [Fig. 1.3 are the most
iconic results from CMB experiments such as Planck. Here the quantity D; = (I +
1)C; /2 is directly related to the correlation of temperature between two points at a

given angular separation.

BOOOET T T T
sooof
. 4ooof
P :
= 3000}
& 2ooof
1ooof
of -
600 i T 160
B 300 F ! 130
'Lé" 0:_ R “J|\||I||I : lh *||||Il| ﬁlHH +* ++$“ﬂ r“v"v"v“‘n‘“?,l‘”{ |l|+++|50
ool [ T T o
eof | L LTI e

2 10 30 500 1000 1500 2000 2500
f

Figure 1.3: Cosmic Microwave background angular temperature spectrum as measured
by the Planck satellite. Reproduced from [27] with permission.

The physics at the time of recombination involves only a few main constituents;
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baryons, photons, and DM. The size and shape of the observed angular temperature
spectrum is determined by the relative amounts of these ingredients and gives an in-
dependent measure of many cosmological parameters including Qp and Q,;. Before
recombination, the content of the universe was a plasma, with electrons and photons
tightly coupled through Thomson scattering. Any initial overdensities created potential
wells into which baryons began to fall until photon pressure pushed them back out,
setting up oscillations which traveled through the plasma at the speed of sound. The
scale and magnitude of these oscillations are reflected in peaks of the CMB angular
temperature spectrum [28].

By comparing the inferred physical scale of the lowest mode to the distance to the
CMB, the BOOMERanG [29] and MAXIMA [30] experiments were able to conclude
that the curvature constant, k = 0, indicating a flat, Fuclidean universe. Clearly, the
detailed characteristics of these oscillations depend on the content of the universe during
the period of recombination. For example, higher baryon content would allow the fluid
compressions to become denser, increasing the difference between adjacent peaks, which
correspond to compressions and rarefactions. This is used to give a measure of 5. The
total matter density, 2js, can be measured through the Integrated Sachs Wolf Effect,
the net redshifting of photons climbing out of potential wells as the universe expands.
A variety of such effects contribute to the spectral shape. With a set of independently
measured priors and a given cosmological model, the spectrum can generally be fit,
giving values for the component densities. Some of the best such results are those
obtained by the Planck Collaboration [14], which find a baryon density of Qgh? =
0.02233 £ 0.00015.

The model used assumes the presence of “cold” DM to allow the growth of structure.
Numerical simulations of structure formation have shown that relativistic (“hot”) DM,
such as neutrinos, prevent structure formation up to the galactic scale (~ 10*2Mg) [31].
This would imply a “top-down” formation of structure, which is refuted by observations
of galaxies out to z > 8 [32], indicating that such particles are too hot to act as the
DM. Therefore, the primary constituents must be cold (non-relativistic) relics and the
Planck Collaboration finds a cold DM density of Qch? = 0.1198 & 0.0012.

The sections above have outlined several strong lines of evidence indicating that DM

is now present in the universe and has been so since the very beginning. What’s more,
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its effects are observed from the largest cosmological scales to within our own galaxy.

1.2 Dark Matter Candidates

DM’s gravitational and cosmological signatures give some insight into its possible iden-
tities. In this section, a few of the most popular solutions including MACHOs, Axions,
and WIMPs are briefly discussed. It should be mentioned that there is no guarantee the
DM is composed of only a single species, but may be a mixture of several. In addition
to the candidates discussed in this section, there is a menagerie of other proposals, some
rather exotic. Briefly mentioned are: sterile neutrinos, like SM neutrinos without weak
interactions; gravitinos, the graviton superpartner; scalar DM and Wimpzillas, which
may explain some galactic gamma ray excess; and Kaluza-Klein particles, which appear

in theories of universal extra dimensions [33].

1.2.1 Baryonic Matter

A once popular theory for baryonic DM was Massive Astrophysical Compact Halo Ob-
jects (MACHOs). These are low mass stars or Jupiter-like objects in the galaxy’s halo.
Several searches were conducted to find such objects via their gravitational microlensing
of nearby stars (e.g. in the Magelenic clouds) due to a Milky Way halo object passing
through our line of sight. Though some objects were found, experiments such as EROS
showed that MACHOs contribute only ~ 8% of the total halo mass [34]. While MA-
CHOs may make up a piece of the galactic DM, they are not the primary constituent.

1.2.2 Axions

Axions were first suggested as a solution to the strong CP problem in particle physics.
While the details of this argument are too complex to treat here, the upshot is that the
existence of an axion with weak coupling to normal matter and radiation would help
explain why CP violation is not seen in QCD interactions [35]. These same particles
were later realized to be an excellent DM candidate. Unfortunately, due to its weak
coupling and tiny mass, the axion is very difficult to detect directly.

Stellar physics is able to set stringent limits on the axion mass. Axions interact with

photons via .Z = g4,¢.E - B and can be created via Primakoff conversion, a <+ v+ if
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external electric and magnetic fields are present [35]. This allows them to be produced
in the plasma of stellar interiors. Axions, being weakly coupled to the stellar material,
would have a much greater free-streaming length and provide another mechanism for
cooling stellar interiors. Detailed statistical analyses of stellar populations have charac-
terized the timescales of nuclear burning and led to an upper limit on the axion mass
of mg < 0.4 eV [36]. A still stronger limit of m, < 16 meV can be set by considering
the effect axions would have on the rate of energy loss in SN 1987A and the length
of neutrino signal seen from that event [37]. A rough lower limit on the axion mass
of mg 2 0.1 meV can also be set if one allows the axions to make up all of the cold,

non-baryonic matter [38].

1.2.3 WIMPs

Weakly Interacting Massive Particles (WIMPs) have been a well motivated DM can-
didate and were thus the primary target of most DM searches. These particles would
have some mass, m, and self-annihilation cross-section o,. Soon after the Big Bang,
when T' > m,, these particles remained in thermal equilibrium with photons and lighter
species via pair creation/annihilation. As shown by simulations of large scale structure,
the DM components must be cold [39], and thus must decouple at a lower temperature.
Once T' < m,, the number density took the form ~ exp(—m,/T"). This caused the pair
creation/annihilation to come to an abrupt halt, and the x’s to decouple from their sur-
roundings. Thereafter, the comoving number density remained unchanged until today.
If the x's are to account for the cold DM density currently observed, they should have
weak-scale annihilation cross sections as shown in detail in This leads to
their being dubbed Weakly Interacting Massive Particles (WIMPs).

For the past several decades, the main thrust of DM search programs has been to
look for the effects of interactions of WIMPs with baryonic matter. As discussed in
these efforts have excluded large swaths of natural WIMP parameter space,

with no definitive discoveries yet.
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1.2.4 Dark Sectors

Another possibility is that DM may not be charged under any standard model (SM)
forces. Such DM might still have a rich life, and could be composed of a variety of
undiscovered particles and forces in a so-called “Hidden” or “Dark” Sector [40]. The DM
need not interact with SM particles (except, of course, gravitationally), but interactions
connecting the Dark Sector to SM forces (sometimes given exciting names like “portals”)
may provide mechanisms to explain DM abundance and are naturally of general interest.

In general, Dark Sector (DS) models are extensions of the SM with weak (i.e. feeble,
not Weak force) interaction with SM [41]. In fact, to still achieve DM relic abundance
via freeze out, the DS must include non-SM, low mass states to mediate the DM-SM
interactions [42]. DS-SM interaction could be direct via some mediator charged under
both SM and DS forces, or indirect through kinetic mixing. Kinetic mixing occurs when
virtual fermions charged under both the dark U(1)p and SM U(1), can form loops in
the Feynman diagram, giving an effective interaction [43]. One popular such model is
the “Dark Photon”, a new vector particle A’ which couples to SM photons in this way,
with the strength of the mixing characterized by a mixing parameter, €. Below the
electroweak scale and for mpys < my the A’ mixes directly with the SM photon and

the interaction Lagrangian becomes

Lo —%FWXW (1.6)

where [, and X*” are the EM and Dark photon field strength tensors respectively
[44].

A field redefinition of A* — A* — ¢ X* leads to a term coupling the DM to the EM
current, J,X*. Recalling that J, = —en, this is like the EM current acquiring an
extra dark charge qp = eq. This is useful because the interaction of such a particle
with detector material will then be proportional to that of the photo-electric effect.
In particular, the matrix element for absorption of the A’ by electrons is related to
that of the photon as |[M|? = 2| M,|? [45]. For masses larger than the band gap of a

semiconductor detector, the dark photon absorption cross section, oy 4/ is then related
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to that of the photon, o4~ as

Oabs,A’ (EA’ = mA’)UA’ ~ 520abs,'y(w = mA’)C (1'7)

where v 4 is the Dark photon velocity and galactic DM is assumed to be non-relativistic
with E4 = my [46]. When considering this process in a material, there are additional
in-medium corrections which are accounted for with the substitution of an effective
mixing angle, e — e.¢f [45]. This depends on the target’s complex conductivity, & =
o1 + ioe. This quantity traditionally (and here confusingly) uses the same symbol as
cross sections, but is something very different. It describes the material’s response to
electromagnetic oscillations and has units of 1/s.

The dark photon absorption rate (per unit target mass per unit time) in a detector

is given by
1 ppm
R = <neU(zbs,A’vA’> (18)
Pdet T A
where pge; is the detector mass density, ’;’f—:{ is the axion number density, and n. is the

detector electron number density. Now, it can also be shown that the absorption rate
is related to the real part of the complex conductivity, o1 = (neogps,avar) [45]. Using
this and the absorption rate becomes

R:piﬁ%ssz(wzmy,ﬁ')al(wzmy) (1.9)
So the expected signal for absorption of a dark photon would be deposition of energy in
a detector by absorption of a single energy of m4/¢? on electrons and with a rate given
by Because this simply scales with number of detector electrons, this allows
even small detectors to search for such particles in any detector material. Such work

has recently been performed by SuperCDMS [47, [48] and others.

1.2.5 Electron-Recoil DM

For low DM masses, interactions with detector electrons can become energetically favor-
able and progress can be made searching for such electron-recoil DM (ERDM) signals.
Here, the interaction is a DM particle, y, scattering with a SM electron and the inter-

action is mediated by a dark photon, A’, which itself may be massive.
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The ERDM relic abundance can be generated by low mass DM via a freeze-out
(similar to WIMPs) or freeze-in mechanism [49]. With freeze-out scenarios, the DM
starts with a large abundance in thermal equilibrium with the bath of SM particles. As
the universe expands and T < m,,, DM formation from SM slows. Eventually interaction
between the DM and SM all but ceases and the two populations evolve independently,
with the DM abundance frozen-out at the value it had when last interacting. For freeze-
in, there is assumed to initially be no substantial DM abundance, but feeble interactions
between SM and DM allows some DM production. This slowly builds up the DM
population as it heads towards equilibrium. The population grows as the universe cools
until ' < m,, at which point it too becomes isolated. So in contrast with freeze-
out where DM starts in equilibrium and moves away as the universe cools, freeze-in
starts with almost no DM but the population moves towards equilibrium. The freeze-in
scenario also allows for further evolution of the DM population, with higher-mass DM
perhaps decaying into lighter, stable DM particles.

Light mediators predict a very low production/annihilation cross section, so they
never reach thermal equilibrium and the population can only freeze in. However, they
also lead to a kinematic enhancement of the the DM /SM scattering cross section that
can bring the predicted DM-electron scattering rates within reach of current detector
technologies [40]. Due to their low band gaps, semiconductor detectors are best suited
to access the low-energy region where such signals may lie. However, the complex nature
of the electron band structure in crystals make the calculation of ERDM scattering rates

quite involved [50].

1.3 Dark Matter Searches

There are three paths that can lead to discovery of particle DM; indirect detection, pro-
duction, and direct detection. demonstrates how these complementary methods
all work to constrain any unknown physical interactions between DM and SM. The in-
direct detection method looks for evidence of DM decay products both in and outside
of our galaxy. By contrast, particle collider experiments offer opportunities to produce
DM and search for the resulting missing momentum in otherwise well-understood par-

ticle collision events. Finally, the direct detection approach relies on the premise that
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DM is present in our galaxy and that the Earth is continuously traveling through a
cloud of it. This allows the possibility of occasional DM-SM interactions which could
be measured with a suitable laboratory detector. These three avenues to discovery are

each discussed in more detail in the sections below.
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Figure 1.4: Paths to dark matter discovery. All of direct, indirect, and production
approaches are currently being pursued by various research efforts.

1.3.1 Indirect Detection

Many experiments are looking for SM products (either primary or secondary) of DM
self-annihilation or decay. The largest signals are naturally expected to come from areas
of largest and nearest DM density such as the sun and the core of our galaxy. These
experiments commonly look for unexplained excesses in the spectra of photons, cosmic
rays, or neutrinos. However, such signals are expected to be small, so the searches
require careful modelling and broad understanding of many background astrophysical
processes.

For decay searches, the DM lifetime is constrained to be significantly longer than
the age of the universe for there to still be a significant DM population today [51]. DM
decay or annihilation in the early universe can affect the details of the CMB by causing
excess ionization. This allows data from the Planck satellite to set limits on the DM
self-annihilation cross section [24].

For annihilation to gamma rays, the measured flux from a DM halo should scale as

2
the so-called “J-factor”, which goes roughly as J ~ VZEM where V' is the volume of the
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source and d is the distance to it [52]. Thus the most promising sources are the galactic
center and Milky Way dwarf satellites, which have dense, nearby globs of DM. The
Fermi Gamma-Ray Space Telescope has measured the gamma ray spectrum from Milky
Way satellite galaxies and found them to be consistent with expected backgrounds. This
constrains the rate of DM annihilation to gamma rays from DM self-annihilation and
provides limits on this cross section. The limits exclude the thermal relic cross section
for DM masses from ~5-100 GeV/c? and are competitive up to 10 TeV/c? [53]. The
galactic center has a much higher J factor, but is co-located with many astrophysical
processes which produce backgrounds that are not yet fully understood (and still hotly
debated [54) [55]). Nevertheless, by combining current models of the DM distribution
in the galaxy with gamma ray measurements (again from Fermi), limits on the DM
annihilation cross section are found to be similar with those obtained from satellite
galaxies [56], but depend strongly on the DM profile. Higher energy gamma signals are
examined using arrays of atmospheric Cherenkov telescopes such as HESS [57], MAGIC
[58], and VERITAS [59]. These experiments study both the galactic center and Milky
Way satellites and are able to set limits on DM cross sections for masses from ~0.1-100
TeV /c2.

Most models of DM annihilation to cosmic rays will produce equal amounts of matter
and antimatter. The cosmic ray spectrum from known astrophysical sources is generally
dominated by matter, so many DM search programs seek to detect an excess of anti-
matter cosmic rays [52]. These particles must travel diffusively through the galaxy and
thus generally do not propagate as far or as cleanly as gamma rays. Antiproton data
from the AMS-02 instrument aboard the International Space Station has been used to
set strong limits including a possible indication of DM signal [60} [61]. However, there
are significant systematic uncertainties in these measurements due to modelling of the
complicated propagation of charged particles through the galaxy and ISM. AMS-02 [62]
and PAMELA [63] also measure positron spectra and are able to set strong limits for
DM masses from 10 GeV/c2-1 TeV/c?.

Neutrinos are another possible DM annihilation product. Because neutrinos below
about 1 TeV are relatively unimpeded by matter, the strongest sources of these signals

are actually expected to be from DM gravitationally captured by the Earth or Sun. Both
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IceCube [64] and ANTARES [65] have had null results searching for the WIMP self-
annihilation neutrino signal but have set some of the strongest limits for spin-dependent
WIMP-proton cross section from 20 GeV/c?-10 TeV/c?. The Super-Kamiokande ex-
periment also looks for this signal but is sensitive to lower neutrino energies and thus
lower WIMP masses of 4-200 GeV /c? [66].

Several direct searches for the axion are also currently under way. The Axion Dark
Matter Experiment (ADMX) uses a tunable microwave cavity threaded by a magnetic
field to search for an axion signal. The experiment seeks to measure excess power output
from the cavity due to the resonant conversion of axions to photons. Initial searches set
limits for range of axion mass from 1.9-3.53 peV /c?, which excluded some axion models
from making up all of the DM halo [67]. More recent efforts have produced limits
in a narrower mass range of 2.66-3.31 peV/c?, but strong enough to exclude further
benchmark axion-as-DM models [68]. The CERN Axion Solar Telescope (CAST) is
another attempt to detect the solar axion flux by reconversion into a pair of photons
in the magnetic field of the device. CAST has set set strong limits for axion masses
below 20 meV /c? [69] and has reached the parameter space favored by some theoretical
models at higher masses (0.64 eV/c? < m, < 1.17 eV/c?) [70]. While an attractive DM

candidate, a direct detection of the axion remains elusive.

1.3.2 Production

DM may be produced in a variety of ways in particle collision experiments. This type
of experiment is not dependent on the details of the local DM density and low-energy
interactions with SM matter because the DM production rate would be set by the
accelerator’s energy and luminosity.

The NA64 experiment at the CERN SPS has searched for missing energy in the
scattering of high energy electron beams with fixed target nuclei [71]. In particular they
considered the process of a dark photon created via kinetic mixing with bremsstrahlung
photons from an electron scattering, followed by the decay of the dark photon into some

DM particles which are not measured in the detector.

e Z — e ZA (A — invisible) (1.10)
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By analyzing such data, they have set limits on the kinetic mixing parameter, € for
dark photon masses, m 4/, between 1 MeV/c? and 1 GeV/c?.

The BaBar Collaboration has sought dark photon signatures in electron-positron

collision data. They search for missing mass that would occur in the process

ete” — yA (A" — invisible) (1.11)

where the usual second photon is converted via kinetic mixing to a dark photon which
subsequently decays to something in the dark sector. These experiments have yielded
stronger limits than NA64 for m 4 from 200 MeV/c2-10 GeV/c? [72].

CMS and ATLAS have published results on dozens of searches for both WIMP and
dark photon DM. An overview of these is beyond the scope of this work, but the searches
generally involve studying evidence for DM models with missing transverse momentum
in proton-proton collisions up to 13 TeV [73] [74]. An example exclusion limit on the
spin-dependent WIMP interaction cross section is shown in All such results
have so far been generally consistent with the SM-only hypothesis.

1.3.3 Direct Detection

The direct detection path to DM discovery relies on a substantial DM presence in our
galaxy. The local DM density has been measured to be in the range of 0.3-0.4 GeV /cm?
using a host of measurements of the dynamics of bodies in our solar neighborhood [76].
As the sun orbits the galactic center, we pass through this DM halo at speed of ~230
km/s [77]. This produces a substantial flux of DM through the Earth and allows the
possibility of occasional DM-SM interactions which could be measured with a suitable

terrestrial detector.

Direct Detection Signals

WIMPS have been the main target of direct detection experiments for the last few
decades. WIMPs interact with normal matter via either elastic scattering directly off of
nuclei, causing a recoil, or inelastic collisions by exciting an atom’s electrons or nucleus
to a higher energy state [33]. In these interactions, the WIMP could couple to the
spin or mass of the target particle. Spin-independent WIMP couplings depend on the
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Figure 1.5: ATLAS limits on spin-independent DM-proton scattering assuming a vector
mediator. Reproduced from [73] under CC License [75].

target’s mass, making heavier target materials preferable, while target atom size isn’t
of paramount importance for a spin-dependent coupling.

While the spin-independent and spin-dependent interactions are the most discussed,
there are also other interaction possibilities including some that depend on momentum
transfer and/or angular momentum. An effective field theory (EFT) has been devel-
oped which considers such possibilities and no less than 11 different allowed interaction
operators have been identified [78]. These operators can individually result in rather
different signatures in detectors of different materials and and may even interfere with
each other. While a detailed study of EFT is beyond the scope of this work, it is cer-
tainly a rich and active area of research which opens up new possibilities for how DM
could manifest in our detectors [79, 80]. EFT analyses are also being considered by
other direct DM search experiments such as LUX [81] and CRESST-II [82].
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A first order calculation of detection rate and nuclear recoil spectrum for spin-
independent coupling is given in [83]. There, it is shown that the rate of recoil events

(in units of counts per kg of detector material per day) is

361 o0 Px vo 1 -1
- kg™l d 1.12
Ro= o (1 pb> <0.3 GeV/cm3> (220 km/s> & (1.12)

where m, and my are the WIMP and target nucleus masses, respectively, in GeV/ c?,
oo is the WIMP-nucleon interaction cross section, p, is the local DM density, and v is
the average velocity of Earth through the WIMP cloud. Using a target material with
O(10) nucleons, WIMP masses of <5 GeV/c? will thus result in a few counts/kg/day.
However, current limits (0g < 10743 em?) reduce this rate to a few counts/kg/year.

As calculated in[Sec. A.2)the shape of the measured nuclear recoil spectrum is driven
by the Maxwellian DM velocity distribution. This leads to a detection challenge. The
spectrum of these interactions is expected to be exponentially falling so many of the
interactions occur at low energies, which are more difficult to measure. In particular

the differential rate of nuclear recoil scattering is roughly

dR _ &G—ENR/TEQ (113)

dENR T’EO
where Eng is the nuclear recoil energy, Ey = %’UOQ is the average incoming WIMP
energy, and r = % is a classical elastic collision factor. Including further details

like the target nuclear form factor and realistic models of the DM velocity distribution
results in spin-independent recoil energy spectra like those shown in [Fig. 1.6l There we
can primarily see the effect of the form factor of different materials, which suppresses
the recoil signal at certain energies.

Recent direct detection efforts have been shifting to searches for other types of DM
such as those involving dark photons. These models involve interaction with electrons
in the detector material and open up sensitivity to lower mass (<1 GeV/c?) DM can-
didates. Through kinetic mixing, dark photons can convert to SM photons which are
absorbed on detector electrons which then recoil at an energy of m 4/, the dark photon
mass. The rate of this interaction in a detector was calculated in

The physics of ERDM is much more complex than for DM that produces NRs. The

target electrons are bound in orbitals with a range of momentum eigenstates which
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Figure 1.6: Left: Differential rate of spin-independent WIMP interactions with common
detector materials. Right: Differential rate in Ge at several WIMP masses. 00 pyq is
the per-nucleon cross section scale.

may be much larger than the DM momentum, and so can not be treated as stationary
targets. Additionally, the electron orbitals are not atomic because the target material
is generally liquid or solid. In the case of crystalline detector materials, one even has
to account for the band structure [84]. The details of this topic are beyond the scope
of this thesis, but reproduced from Ref. [50], provides some insight. There,
we see the expected recoil spectrum from ERDM in Si and Ge as a function of number
of electron/hole pairs produced, @). It can be seen that the shape of these spectra are
qualitatively similar to the NR spectra in but at the energy scale of ~ 10 e/h

pairs, which corresponds to ~ 35 eV.

Experiments

Many different methods and technologies have been employed by a diverse array of
research groups to detect DM signals directly. In the past few decades, this has grown
into a field of its own right. In this section, a few of the leading experiments are
highlighted.

Bubble chambers like PICO and superheated droplet detectors such as SIMPLE
have been able to place competitive spin dependent limits on WIMP interactions. Both
types of detectors are able to naturally discriminate electron and nuclear recoils as the
target material temperature and pressure can be tuned such that electron recoils do not
nucleate bubbles. The PICO Collaboration (formed from the merger of PICASSOI[85]
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Figure 1.7: Normalized ionization signal spectrum of ERDM signals in silicon (left) or
germanium (right). Here, @ is the number of electron/hole pairs produced. Reproduced
from [50] under CC License [75].

and COUPP[80]) used a superheated liquid C3Fg bubble chamber to search for WIMP
signals in the SNOLAB facility. The device uses acoustic transducers to measure the
acoustic power deposited during bubble nucleation events and arrays of cameras to
monitor the timing and location of bubble creation in the containing vessel. During the
most recent DM search, they were able to achieve thermodynamic threshold energies
as low as &~ 1.2 keV. Using 1167-kg-days of search data, PICO found nuclear recoil
signals consistent with neutron backgrounds, giving the strongest WIMP-proton spin-
dependent limits for 6 GeV/c?> < m, < 70 GeV/c? [87]. The SIMPLE experiment
was similar to PICO, but used superheated CoClF5 suspended in a gel matrix and
microphones to measure acoustic signal amplitudes of nucleation events. SIMPLE had
set strong spin-dependent limits [88] which were recently overtaken by PICO.

Another class of detectors uses a two-phase time projection chamber (TPC) partially
filled with a noble liquid. The principle is that particle interactions in the liquid phase
will produce scintillation light and liberate electrons. The electrons can then be drifted

out of the noble liquid and into a region of gas phase where they will produce additional
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scintillation light proportional to their number. The ratio and timing of these signals
can be used not only to locate the event within the detector volume, but also to measure
its energy and deduce whether the interaction was an electron or nuclear recoil. This
technology is attractive because, being liquid, the detector mass can easily be scaled up
to increase sensitivity and statistics. The largest backgrounds come from impurities in
the noble liquids and much of the advancement in these devices has relied on improved
methods for impurity removal. Because noble liquid detectors use relatively high mass
target materials, they have been able to set the strongest high WIMP mass (m, > 6
GeV/c?) limits.

The Large Underground Xenon (LUX) experiment operated a TPC filled with a
large, 250 kg fiducial target mass of liquid xenon (LXe). It was located at the Sanford
Underground Research Facility near Lead, South Dakota. Like many sensitive direct
search experiments, LUX was located in a deep underground lab to shield the detector
from cosmic ray and muon backgrounds. In addition to the 4300 mwe (meters water
equivalent) depth underground, the LUX TPC was shielded by a surrounding passive
water tank [89]. The final LUX WIMP-search data taking ended in 2016 and the
subsequent analysis found no evidence for a WIMP signal, excluding spin-independent
WIMP-nucleon cross sections larger than 1.1 x 10746 ¢cm? at a mass of 50 GeV/c2.
This is the strongest constraint on WIMPs above 10 GeV/c? to date. LUX has since
merged with Zeplin-III, a smaller LXe TPC experiment, to form the LZ collaboration.
Zeplin-III had only a 5.1 kg fiducial mass, but used a Gd-loaded plastic scintillator to
moderate neutrons and act as an anti-coincidence veto system [90]. LZ combines the
best of both experiments and will feature a 5.6 ton fiducial liquid mass surrounded
by a gadolinium-loaded liquid scintillator veto [91]. The projected background rate of
this device will allow a 1000 day exposure to reach a spin-independent cross-section
sensitivity of 1.6 x 10748 ecm? at 40 GeV/c? [92].

A few other notable TPC experiments which produce competitive limits are: XenonlT,
with a 2 ton LXe fiducial volume surrounded by a water Cherenkov active muon veto
[93]; PandaX, a 580 kg LXe [94] at the China Jinping Underground Laboratory, the
best-shielded laboratory in the world; and Darkside, a liquid argon TPC surrounded by
both a layer of boron-loaded liquid scintillator and an active water Cerenkov detector

to veto muons, neutrons, and other radioactive contaminants [95].
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Solid state WIMP detectors are generally crystalline semiconductors and/or scintil-
lators. Some solid state detectors use an electric field to drift liberated charges across
a detector. The amount of charge is measured capacitively before recombining at the
charged electrodes. In addition, the detectors can be operated as sensitive bolometers
which measure the phonon energy deposited in the system by the interaction. Others
measure a combination of scintillation light and phonons. As in TPCs, the simultane-
ous measurement of 2 signal channels allows event-by-event identification of recoil type
(electron or nuclear). Generally, such devices cannot be fabricated above the kg-scale,
so experiments using these technologies deploy a large number of identical modules to
increase total exposure.

The EDELWEISS experiment uses cylindrical high purity germanium crystals with
the surfaces fully instrumented with interdigitated charge measurement electrodes [96].
This arrangement allows for rejection of background events near the crystal surfaces.
Each detector also has a pair of sensitive thermistors to measure the total deposited
phonon energy. These devices are operated at temperatures of < 20 mK at the Modane
Underground Laboratory in France. With an array 24 such detectors surrounded by
layers of passive shielding and an active muon veto, they have set competitive limits for
WIMP masses of 4-30 GeV /c? [97].

The CRESST experiment uses CaWO, crystals as the target mass and phonon
detector. Phonons are measured using W-TES (transition edge sensors) read out with
SQUID (superconducting quantum interference device) based amplifiers. A separate
silicon-on-sapphire wafer is mounted in the same detector housing and used to convert
scintillation light produced in the target crystal into phonons, which are also read out
with W-TESs [98]. The CRESST devices are sensitive to lower WIMP masses than
other technologies because the target material contains the relatively light oxygen atoms
which have favorable recoil kinematics with WIMP masses down to ~ 500 MeV/c?. A
preliminary analysis of the spectrum from a new, more sensitive set of devices produced
a world-leading limit below 1.7 GeV/c? [99].

The SuperCDMS (Cryogenic Dark Matter Search) experiment makes use of both
germanium and silicon monocrystaline detectors. Like EDELWEISS, the SuperCDMS
detectors are patterned with several charge biasing and measurement electrodes. Similar
to CRESST, the SuperCDMS detectors make use of W-TESs read out by SQUIDs to
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precisely measure phonon energies [I00]. SuperCDMS has also developed a high voltage
detector configuration which is optimized to search for low mass WIMPs and which
set competitive limits in the m, < 10 GeV/c? region [101]. An in-depth look at these
detectors will be the subject of the next chapter.

Finally, of special note is the DAMA experiment, which operates an array of Nal
crystals located in the underground Gran Sasso National Laboratory, and has long
claimed detection of a WIMP signal [102]. Because it only measures scintillation infor-
mation, the DAMA experiment is unable to distinguish between electron and nuclear
recoils, but instead looks for the annual modulation of the total signal. DAMA has col-
lected and impressive 2.46 ton-yr of exposure and observed an annual modulation signal
with a 12.90 confidence level [103]. However, the WIMP parameter space favored by
DAMA has been searched and strongly excluded by many other experiments. While nu-
merous non-DM explanations have been put forward, none has been able to sufficiently
explain the signal. One recent suggestion involves the possible contamination of the
nitrogen purge gas with radioactive argon, which can produce seasonal variations of 2.7
keV x-rays [104]. Another recent paper has concluded that the most recent DAMA /Li-
bra data which extends to lower recoil energies than previous, is now incompatible with
vanilla WIMP models [105].

2-6 keV
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Figure 1.8: Annual modulation of the DAMA /Libra signal over the last 2 decades. The
claim of a DM origin to this signal has long been refuted by competing experiments.
Reproduced from Ref.[I03] under CC License [75].

At any rate, several projects (COSINE-100[106], ANAIS[107], SABRE[I08]) are re-
peating DAMA’s measurement using similar Nal detectors to shed further light on this
anomaly. Recent results from COSINE-100 experiment provide evidence that the nu-

clear recoil quenching factors (critical for calibrating the energy scale of NRs) that



26
DAMA /Libra has been using are incorrect at low energies [I09]. Correcting for this ef-
fect, they are able to exclude the DAMA /Libra detection with 90% confidence. ANAIS
has begun taking data and expects to be able to place similar constraints in the next
few years. SABRE is still in a development phase, but will have the unique feature of
placing twin detectors in the northern and southern hemispheres to distinguish between
DM-like annual modulation and seasonal terrestrial variations [110].

We end this chapter with a plot summarizing the excluded spin-independent param-
eter space shown in As discussed above, the liquid noble experiments have
the best limits at high masses while solid state devices reach to lower masses. Projec-
tions for the next generations of SuperCDMS and LZ are also shown as dashed curves.
The lower shaded region is where these experiments will begin to be sensitive to the
background of solar and atmospheric neutrinos. Clearly the next few years will be an
exciting time in the direct-DM search community as various groups push to carve out

more of this parameter space!
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Chapter 2

SuperCDMS

2.1 Collaboration and Facilities

The Super Cryogenic Dark Matter Search (SuperCDMS) experiment operates arrays
of monocrystaline germanium and silicon detectors at cryogenic temperatures (<50
mK). The detectors are instrumented to measure ionization and/or athermal phonon
signals. The details of how they operate will be discussed in This chapter
will give a very brief overview of the history of SuperCDMS. The most recent phase of
the experiment used these devices to search for DM and was conducted in the Soudan
Underground Laboratory. The collaboration is currently preparing for a new campaign
at the SNOLAB facility. There are also numerous test facilities at SuperCDMS member
institutions which support the flagship experiment through testing and R&D efforts.

2.1.1 Early CDMS

The first CDMS DM searches were undertaken in 1996 at the Stanford Underground
Facility (16 mwe) using early 1 cm thick detectors. Even though the site location
only reduced the cosmic ray muon flux by a factor of 5 from that at the surface, the
experiment was able to set an exclusion limit on the WIMP-nucleon cross section of
2.8 x 107*2 cm? at 100 GeV WIMP mass. This result was important at the time as
it excluded a region of parameter space in which the DAMA experiment had claimed

detection with more than 84% confidence [112].

27
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2.1.2 The Soudan Era

Beginning in 2001, the experiment was expanded and moved to the lower background
environment of the Soudan Underground Laboratory at a depth of 2090 mwe. There,
CDMS-II used a payload composed of 19 Ge and 11 Si detectors with upgraded sensi-
tivities to exclude still lower cross sections (1.8 x 10744 cm? at 60 GeV/cm?) and search
for annual modulation [I13]. As shown in the detectors were surrounded by
a plastic scintillator to provide a veto measurement of any muons that did penetrate
the rock overburden. Furthermore, the detectors were enclosed in ancient (radiopure)
lead and polyethylene shielding. The lead was used to block gamma rays while the
polyethylene thermalized neutrons, the dominant nuclear recoil background.

Analysis of the Si detector data revealed 3 candidate events, while known back-
grounds estimated <1 event, hinting at an 8.6 GeV/cm? WIMP with 1.9 x 107%! cm?
cross section [114]. Although a profile likelihood analysis favored the WIMP hypothesis,
the data was not strong enough to indicate a discovery. However, this same parameter
space was soon ruled out by the LUX experiment as well as by the next generation of
CDMS, dubbed SuperCDMS.

SuperCDMS operated a new design of Ge detectors which greatly improved volume
fiducialization. Analysis of 577 kg-days of data found that the measured recoil energy
spectrum was consistent with expectations from background sources. This data set
stronger limits for WIMP masses between 4 and 6 GeV/cm? [115].

An extension of this was the CDMSlite experiment. It used a single SuperCDMS
iZIP with modified electronics to boost its voltage bias to 70 V, amplifying low energy
phonon signals to probe lower WIMP masses. A 2016 analysis of this data excluded
more of the parameter space between 1.6 and 5.5 GeV/cm? [116]. [Fig. 2.2| shows spin-
independent limits from leading experiments after the SuperCDMS Soudan era. Also
shown are the target sensitivities of the next generation of detectors (dashed lines).

SuperCDMS ceased operations at the Soudan Underground Facility in the autumn
of 2015. However, the wealth of high-quality data collected continues to yield interesting
and relevant science. Since 2015, the SuperCDMS collaboration has used this data for
publications studying WIMPS [116], 100, [118| 10T], Effective Field Theory [79], Frenkel
Defects [119], nuclear-recoil ionization yield [120], cosmogenic tritium production in Ge

[121], and even dark photons and axion-like particles [122].
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CDMS Shielding and Veto

«—140cmM ———

Figure 2.1: Top-down view of SuperCDMS-Soudan cryostat and shielding. Veto panels
are shown in blue, polyethylene sheets in green, lead bricks in dark gray, and ancient
lead in light gray. The E-Stem provided a path for the electronics and wiring to reach
room temperature while the C-stem connected the various thermal stages of the cryostat
to a dilution fridge.

2.1.3 SuperCDMS SNOLAB

As of this writing, the collaboration is preparing for the next phase of the experiment,
SuperCDMS SNOLAB, which will incorporate more sensitive detectors, more stable
cryogenics, and improved electronics and DAQ systems. The detectors and cryogenic
infrastructure will be constructed of extremely radiopure materials. All of these ma-
terials are being assayed to ensure they have substantially lower background radiation

than in the Soudan setup. A diagram of the core experimental infrastructure is shown

in [Fig. 2.3
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Figure 2.2: Measured and projected exclusion limits after the end of the SuperCDMS
Soudan Era (circa 2016). Created using [117].

This experiment will be located at SNOLAB (6010 mwe), home of the famous Sud-
bury Neutrino Observatory (SNO), which helped solve the solar neutrino problem. This
facility provides improved shielding from cosmic rays (nearly 3x the effective depth of
Soudan) and has strict clean room protocols to further reduce radiogenic background
contamination.

SuperCDMS will deploy a variety of next-generation detectors to thoroughly char-
acterize the experimental backgrounds and explore lower mass and cross section DM
parameter spaces. These detectors are 2.3 x larger than those used at Soudan and feature
more sensitive phonon sensors. They will also use a new type of high-electron-mobility
transistor (HEMT) -based charge amplifier instead of the JFETS used in Soudan (and
in the work presented in this thesis). A mixture of several detector types (iZIP and HV)
and materials (Si and Ge) will be deployed to provide complementary of DM targets,
measurement of the various backgrounds, and reach to sub-GeV DM. Accordingly, much
of the CDMS detector development program of the last few years has been dedicated
to optimizing the performance and understanding of these new detectors. The final
sensitivity projections of the experiment are shown in [Fig. 2.2

While many of the subsystems involved in this effort are in mature form, a late-stage

cryostat redesign and COVID-related shutdowns have caused some delays in the project



31

4 detector towers:
12 HV detectors: 8 Ge + 4 Si
12iZIP detectors: 10 Ge + 2 Si

Dilution
Refrigerator e

Seismic Platform

SNOBOX 10

Figure 2.3: Side view of SuperCDMS SNOLAB experiment design featuring inner and
outer neutron shielding (polyethylene) and gamma shielding (lead). The dilution refrig-
erator and the “E-tank” (where readout electronics will be mounted) are connected to
either side of the “SNOBOX” cryostat. Also shown on the left is a diagram of a stack
(or “tower”) of detectors and photos of two detectors at the top right.

timeline. As of this writing, much of the electrical infrastructure and a radon filtration
system have been installed and the seismic platform is currently being put in place
at SNOLAB. Meanwhile, the dilution fridge has been delivered to FNAL and is being
tested above-ground and the first detector towers have been assembled and are being
tested at SLAC. The current arrival time of the cryostat cans is slated for late 2021 and
our schedule indicates we can expect to do the first cool down with detectors in 2022.
Following that, dedicated science data taking campaigns are expected to begin in 2023.
While this is still a few years away, there is still plenty of momentum and enthusiasm

within the collaboration to deliver world-leading science at SNOLAB.

2.1.4 SuperCDMS Test Facilities

While the main experiment at SNOLAB is designed and constructed, a huge amount of
R&D and preparation has been taking place at other SuperCDMS facilities and member

institutions. A few of them are described here.
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CUTE

CUTE is the (slightly strained) acronym for the “Cryogenic Underground TEst facil-
ity”. It is a cryogenic detector test facility, located underground at SNOLAB in the
same experimental hall as the SuperCDMS experiment. It uses a cryogen-free dilution
refrigerator (manufactured by Cryoconcept [123]) to reach base temperatures of ~ 15
mK. The combination of stringent background controls at SNOLAB and extensive wa-
ter and lead shielding give CUTE a background of order of a few events/keV /kg/day in
energies below a few keV. The main purpose of CUTE is to provide the ability to test
detector properties that are difficult or impossible to study at surface facilities which
are limited by background neutron and gamma radiation. CUTE has already begun

some early operations and tests of SuperCDMS detector assemblies.

NEXUS

The “Northwestern EXperimental Underground Site” (NEXUS) is a shallow facility,
located ~ 100 m underground in the MINOS near-detector experimental hall at the
Fermi National Accelerator Laboratory (FNAL). It is built, maintained, and operated
through a collaboration between Northwestern University and FNAL. The overburden
lowers the muon flux to 0.5 muons/m?/s. Similar to CUTE, it features a Cryoconcept
[123] dry dilution refrigerator. A movable lead shield designed to surround the cryostat
is expected to reduce the background to less than 100 events/keV /kg/day.

In addition to acting as another underground facility for detector testing, NEXUS
will operate a Deuterium-Deuterium (D-D) neutron generator. This device can produce
a large flux (10% neutrons/sec) of 2-3 MeV neutrons. In combination with an array of
backing detectors, this facility will be used to characterize the response of SuperCDMS
detectors to low-energy neutron scatters. Some early experimental runs at NEXUS were
conducted beginning in the summer of 2019 and there are also plans to conduct low-
mass (< 1 GeV/c?) DM searches using a new style of small, but sensitive, detectors.
This will be discussed further in With the current setup, NEXUS can easily
obtain exposures competitive with recent above-ground DM searches carried out with
the same type of detector [47, 48].

NEXUS is not just meant to be used by SuperCDMS. It is already host to a TES
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R&D test for the Ricochet Collaboration, which plans to measure Coherent Elastic
Neutrino Nucleus Scattering (CEvNS) at a nuclear reactor [124]. There are also plans to
study coherence times of superconducting microwave resonators [125] (a key component
of certain types of quantum computers) that can be improved by moving to a low-
background facility, as has recently been shown elsewhere [126]. Several other potential
projects are also lined up including microwave kinetic inductance detectors (MKIDs)
[127], testing exotic photodetector materials with meV band gaps, and state of the art

application-specific integrated circuits (ASICs) at 4 K for charge measurement.

UMN K100 and others

In addition to the facilities mentioned above, the SuperCDMS collaboration has always
been heavily supported by a number of cryogenic test facilities located at member in-
stitutions. A few notable current contributors are UC Berkeley, Caltech, Northwestern,
Queen’s University, SLAC, Stanford, Texas A&M, and the University of Minnesota.
These (and other) groups have all been integral in advancing the existing techniques
and technologies and developing ever more sensitive detectors.

Of particular importance to the author is the University of Minnesota (UMN) de-
tector test facility, as this is where much of the work in this thesis was undertaken. The
UMN group operates a Kelvinox-100 3He-*He dilution refrigerator [128], mounted on vi-
bration isolating columns, which is used to cool detectors to ~30 mK. This facility tests
and characterizes both production and R&D detectors by analyzing TES parameters,
charge and phonon collection efficiency, detector neutralization hold time, and general
detector performance. In addition, UMN is active in developing and testing new DAQ
and analysis software as well as electronics and cold hardware . The Super-
CDMS test facility at UMN plays an integral role in analyzing concept detectors
and characterizing production detectors for SuperCDMS-SNOLAB. Finally,

UMN is even making new advances in the science and measurement of low energy NRs

in Si and Ge (Ch. 7).
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2.2 Detectors

This section will provide an introduction to how signals are generated and measured
in SuperCDMS detectors. It will also describe several of the specific detector designs

currently employed by SuperCDMS.

2.2.1 Electron- and Nuclear-Recoils

All versions of CDMS detectors measure some combination of ionization and/or phonon
energy produced in a semiconductor (Si or Ge) crystal. We first discuss how incoming
particle interactions leave their signatures in these quantities.

Incoming particles can interact with either the electrons or nuclei of the crystal.
This interaction can be an elastic or inelastic scatter or absorption. Whatever the case,
the result is generally that the affected electron or nucleus recoils in response. This
leads to the classification of interactions as either an electron recoil (ER) or nuclear
recoil (NR). ERs are common as they result from photon scattering/absorption from
background or calibration sources. NRs occur from processes such as scattering of free
neutrons, but are also how many models of DM are expected to interact. In either case,
the recoil energy, ERr, goes into a combination of athermal phonons in the crystal lattice
and promotion of electrons across the semiconductor band gap, creating electron/hole
(e/h) pairs. The amount of energy that ends up in each of these systems depends on the
recoil energy and type of particle interacting. Generally, NRs produce less charge than
ERs at a given recoil energy. This difference is characterized by a quantity variously
called the ionization yield, efficiency, or quenching factor. A similar behavior is observed
in scintillators, with reduced light output occurring for NRs. In this work, we will use
the name ionization yield and define it as

Y(En) = 12 (2.1)
where Eg is the amount of energy that goes into the production of e/h pairs and Ep is
the recoil energy. This is defined such that, for an ER, Eg = Eg, giving Y = 1, while
for NRs, the yield, and hence the number of e/h pairs produced, is lower. Eq is related

to the number of electron/hole pairs that are produced, N as

(N = Eg/e (2.2)
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with e, ~ 3.0(3.8) eV in Ge(Si) [129, I30]. This is not to say that in an ER all the
recoil energy is used up in producing e/h pairs. In fact the band gap minimum for
Si (Ge) is only Egqp=1.12 (0.66) eV, so the remainder of the energy goes into the
phonon system as well. e, and Y are then just empirical quantities which describe the
amount of free charge resulting from the interactions as the recoiling object (electron
or nucleus) slows down in the crystal. The variance of the number of pairs produced
is 03, = F(N), where F is the Fano factor, which describes deviation from Poisson
statistics resulting from correlations in the various microscopic interactions involved in
the ionization process [I3I]. F is around 0.12 (0.11) in Si (Ge) [132]. It should be
noted that present measurements of e, and F' are generally for higher energies and
material temperatures than the SuperCDMS detectors operate. However, there are
current efforts to leverage current theory to extend our understanding to lower energies
and temperatures [I33]. Models and previous measurements of the yield in Si and Ge
are shown in Our work to address the tension in these measurements and lack
of data at low energy will be discussed in [Ch. 7]
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Figure 2.4: Left: Ionization yield measurements in Ge. Taken from [134]. Right:
Ionization yield measurements in Si. Taken from [120]. There is significant tension in
many of the results and very few measurements at recoil energies below 1 keV.

Because of the difference in ionization yield between ERs and NRs, a simultaneous
measurement of the recoil energy and amount of charge produced can provide event-
by-event discrimination between interaction types. The majority of backgrounds result
in ERs so this discrimination is a powerful tool when searching for WIMP recoils on
nuclei. The next two sections provides more details on how the charge and phonon

measurements are actually performed.
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2.2.2 Charge Signal

The detectors are operated with an axial electric bias field so liberated charges are
drifted to either face across the detector bulk as shown in As they travel, these
carriers induce image charges on pickup electrodes patterned on the detector surfaces.
The current flowing into the electrodes to produce the image charges is described by
the Shockley-Ramo Theorem [135]. Although the charges moving through the detector
bulk follow a path dictated by the bias electric field (and crystal properties), the induced
signal in an electrode is determined by how the charge moves through that electrode’s
“weighting potential”. The details of this will not be discussed here, but the result is
that the signal measured on charge electrodes is induced both by the charges moving
toward and away from it, and is (to first order) equal to the initial charge created in
the detector. However, charge trapping sites in the crystal bulk can reduce and distort

the measured signal. A more complete model of charge signal creation is presented in

Phonons

Figure 2.5: Anatomy of an event in a SuperCDMS-style detector. The incoming particle
deposits energy which produces electron/hole pairs and phonons. An electric field across
the detector drifts the liberated carriers to the two crystal faces. As they drift, more
NTL phonons are produced.

Things are further complicated as the two types of charge carriers do not both
propagate parallel to the electric field. Holes travel relatively straight through the
crystal with minimal spreading. Electrons, however, have been found to propagate
oblique to the electric field due to the shape of the conduction band minima (valleys).
This is because, in a crystal, the carriers do not simply have a scalar mass, rather
they have a mass tensor, so when a force is applied, they may accelerate in a different

direction. (Imagine an electron in Si like a shopping cart with a bad wheel, it doesn’t
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quite want to go where you push it.) For example, in [100] Ge crystals (the orientation
used in SuperCDMS detectors) they spread out in four directions, each ~ 33° from the
z-axis [I36]. This effect is not observed in [100] Si due to the different geometry of the
conduction bands. This effect is also suppressed at bias fields above ~ 5 V/cm where
the carrier energies are large enough to allow inter-valley scattering. shows the
result of a simulation of these effects. This drifting causes charge signals on the side of
a detector collecting electrons to have lower spatial resolution than signals on the hole
side. This non-ideal behavior means that charge signals can depend on the species of

carrier and original event position which must be accounted for in data analysis.

Hole Trajectories: E = 1.0 Viem; 1000 seatters: T, = 0.590 ps; v, = 17.9 ks Electrons: E =10 Viem; 1000 scatters; T = 0.281 us; v, = -26.3 km/s
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Figure 2.6: The results of a simulation of charge carrier propagation through a Ge
crystal. Left: hole transport. Right: electron transport. The carrier trajectories are
shown in green. In the left figure, the blue points show the locations where phonons
were created in the simulation. Taken from [136].

The charge signals are picked up by metallic electrodes on the crystal and sensed via
cryogenically cooled FET (field effect transistor) amplifiers. The amplifier outputs are
connected to further levels of amplification and filtering outside of the cryostat before
digitization. A simplified version of the first stage of the charge circuit is shown in
The shape of measured charge pulses is dictated by this circuit. SuperCDMS
detectors are generally operated with bias fields of 2 1 V/cm. At standard operating
temperatures, the charge carrier drift velocities are 2 20 km/s [136]. This means that,
even in our largest devices, they fully traverse the 33 mm crystal thickness and induce
their charge signal, @;,4, on the measurement electrode in < 1.7 pus. Over these time

scales the image charges that appear on the electrode are primarily sourced from the
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coupling capacitor, Cc. The amplifier responds by changing V,,; to compensate via the

feedback capacitor, Crpg, and so outputs

Vout = Qind/CFB (23)

The charge amplifier bandwidth limits the signal rise time to ~ 1 us [137,[138] so a charge
pulse initially appears as a step function in voltage at the amplifier output. Thereafter,
the signal decays exponentially with a characteristic fall time, 7 = RppCrp, as the

feedback branch discharges.
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Figure 2.7: SuperCDMS charge readout circuit (pre SNOLAB).

The amount of charge induced on the measurement electrode is related to the amount
of charge produced in the crystal and how it is drifted by the bias voltage. In a perfect
crystal and with high bias voltage, the induced charge is simply equal in magnitude to
the drifting charge, Q;nq = Q = eN, where e is the electron charge and N the number
of e/h pairs produced. However, other effects of charge transport can change this
relationship. First, the amount of drifting charge may not be the full amount initially
ionized at the interaction site due to recombination of e/h pairs before they are drifted
apart by the bias field. This will be discussed further in where attempts are made

to model and measure this effect. Next, once the carriers are drifting in the crystal,
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some of them may be trapped on crystal impurities or defects. This stops them from
drifting and contributing to the charge (and phonon signals). These drifting charges
can also ionize additional carriers in a process known as impact ionization [139]. These
will serve to increase the signal further. The contribution of these effects depend on a
host of details such as bias field, detector geometry, and impurity and defect densities.

Now, over short time scales, the induced charge is primarily sourced from the feed-
back capacitor, Crp, via the coupling capacitor, Co. However, there are also important
effects due to non-negligible capacitances between the electrodes on opposite detector
faces, Cyer as well as other stray capacitances between the electrode and ground, Citrqy-
The latter can either be directly between the electrode and housing or indirectly via
other, nearby electrodes on the same face. These other capaciatances can also be sources
for the image charge, and can reduce the signal seen at the amplifier by the gain factor
Ce

Gegp = ———-——.
b CC + Cstray

(2.4)

At UMN, this has been measured in large devices to be as low as Gqp=0.7-0.8, but
depends on the detector housing and electrode geometry. There may also be a significant
(~ 100 pF) parasitic gate-to-ground capacitance, but this only affects things like the
FET noise coupling and does not enter this capacitive gain ratio [I37]. Now, over
longer times than the amplifier response, the bias voltage power supply provides the
amount of charge needed to restore the circuit to equilibrium. This time scale is set by
RpCyet ~ 1 ms, where Cye; is the detector capacitance. Putting these effects together,

the measured signal amplitude is then

Q Cc
Vout = 2.5
‘ CFB CC + Cstray ( )

Knowledge of these various contributions (and later amplification stages) can allow an
absolute calibration of the charge measurement which is very useful when studying

charge creation and propagation effects. An example of a measured charge pulse can be

seen in the left side of

2.2.3 Phonon Signal

Here we give a very basic overview of phonon signals in the SuperCDMS detectors.

This is no small topic and far more detailed resources (e.g. [140, [141], T42]) can provide
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Figure 2.8: Example charge (left) and phonon (right) pulses from a 100 keV ER in an
iZIP. The charge pulse has a delta function rise time and ~ 100 ps fall time set by
RppCrp. The phonon rise and fall times are slower, being set by both the phonon
transport and TES circuit response.

deeper insights. However, here we will cover the basics needed to understand their role
in an operating detector.

Si and Ge, being Group 14 elements, have four electrons in the valence orbitals and
four vacancies. Thus, when a crystal of one of these materials is formed, each atom can
form covalent bonds with four nearest neighbors. In doing so, the crystals generally form
a face centered cubic (FCC) lattice with eight atoms per unit cell as shown in
The lattice constant, a, is 5.4 (5.7) A for Si (Ge). Other Group 14 elements, carbon
and tin, can do the same. This is in fact, the same structure as diamond. Incidentally,
lead also forms an FCC, but prefers to form metallic bonds.

Phonons are quantized vibrations which occur in the crystal lattice. They can be
described as non-interacting bosons and so have a thermal number density described by

the Planck distribution
1

n) = explhw/kpT] — 1

where the phonon energy is Aw. At the mK temperatures at which the detectors are

(2.6)

operated, this population is heavily suppressed and can be neglected for our purposes.
However, significant populations of athermal phonons are produced when particles scat-
ter with, or move through, the crystal. This is the signal we design the detectors to

measure.
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Figure 2.9: Unit cell of a diamond, FCC Bravais lattice. The unit cell contains eight
atoms and each atom has four nearest neighbors. Taken from [143] with permission.

There are two main branches of phonons, acoustic and optical, which correspond
to vibration of a pair of atoms in phase, or out of phase, with each other respectively.
Optical phonons have higher energies and, as we will see below, quickly downconvert
to acoustic phonons. Thus, for our purposes, we can assume that all phonons in the
detector are acoustic. Phonons also come in several polarizations: fast transverse, slow
transverse, and longitudinal [I44]. The propagation speed, or sound speed, depends
on the material and polarization, but ranges from 3-6 km/s in Ge [145] and from 4-
9 km/s in Si [146]. In a pure crystal, the phonon energy is channeled preferentially
along certain directions of the crystal lattice in an effect known as “phonon focussing”.
Beautiful measurements of this process have been obtained by exciting heat pulses in a
small Ge cube and measuring the phonon flux on the opposite face with a bolometer as
shown in

Phonons can exist in a crystal at a range of energies. However, higher frequency
(2 1 THz) phonons of all types quickly downconvert to pairs of lower energy, acoustic
phonons at a rate I pownconvert X w® [148]. Even in a pure Si or Ge crystal, natural
isotopic variation breaks the crystal symmetry. The lattice atoms are not all of the same
mass and so do not comprise a uniform grid of perfect harmonic oscillators. Again, the

high energy phonons are most affected, scattering off of isotopes at a rate I'geqster X w?

[149, 150].
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Figure 2.10: Left: Measurements of phonon signals from heat pulses in a 1 cm Ge cube.
Right: Theoretical caustics of propagating ballistic phonons. Reproduced from [147]
with permission.

The combination of these two effects results in high energy phonons propagating
diffusively as they scatter and downcovert to lower energies. This continues until the
population of phonons has low enough energies (~ 1 meV or ~ 250 GHz) that they
become essentially free streaming, or ballistic, with mean free paths similar to the
detector scale (2 cm). Eventually, all the phonons have mean free paths long enough to
reach a surface of the crystal where they are either absorbed by implanted electronics
or reflected from the bare surface. From this point on, the phonons move ballistically
until they are either absorbed or thermalize (downconvert to thermal energies).

When a crystal is used as a particle detector, phonons are produced during both
the initial scattering interaction and the subsequent charge drifting. The cascade of
interactions that occur when an electron or nucleus recoils in the detector results in an
initial population of “recoil phonons” which are high energy, near the Debye energy of
~30 (50) meV in Ge(Si) [144]. At the low operational temperatures used, the charge
carriers will immediately begin to lose energy by emitting phonons and settle down into

the conduction band minimum. At this point, the total “primary” energy in the phonon
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system will be
Epm’m = ER - NEgap (27)

where Eg is the recoil energy and Eg,, is the bandgap energy. If there is no bias field
applied, the electrons and holes will immediately recombine, relinquishing the bandgap
energy as ‘“recombination” phonons, E,cco = NEyqp. If there is a bias applied, this
recombination is deferred until the carriers are drifted and recombine with image charges
at their respective electrodes. In either case, eventually the total recoil energy Eg is
deposited into the phonon system.

The drifting charges also produce phonons as they move across the crystal. The bias
electric field accelerates the charges, but scattering with the lattice limits the effective
carrier drift speed [I51]. The change in charge carrier potential energy as it moves
through the bias electric field is converted into phonons as the carrier scatters with
lattice sites. Depending on the bias field applied, the spectrum of phonons produced
may be initially diffusive (high energy) or ballistic [I40]. As described by Neganov,
Trofimov, and Luke [I52] [I53], each e/h pair will (absent trapping) contribute eVy;qs to
the total phonon energy with e the electron charge and Vj;qs is the potential difference
across the detector. These will be called “NTL phonons”. Summing up the above

phonon contributions gives the total energy deposited into phonons,
Epr = Eprim + Ereco + EnTL = ER + NeVyias (2.8)
On average, this can be written as
(EpT) = ER + EQ€Vhias/cy (2.9)

One should be careful though, because the phonon quantity measured is not neces-
sarily simply the total energy in the phonon system. The phonon sensors are on the
two detector faces and are thus only privy to the phonon flux that reaches them. For a
detailed understanding, then, one must also consider the location, spatial distributions,
and spectra of the primary, NTL, and recombination phonons. A theoretical treatment
of these different populations can be found in [I5I] and further useful discussion is
in [I40]. The more complete story is that the primary phonons can be thought of as

emitted in an isotropic sphere at the recoil location and recombination phonons will be
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emitted isotropically from the carrier recombination sites at the electrode/crystal in-
terface. NTL phonons, however, are emitted preferentially in the carrier drift direction
and along the entire drift path as shown in So they roughly form a column
of phonons propagating away from the initial recoil site towards the two detector faces.
Furthermore, the spectrum of phonon energies is different in each of these cases and also
depends on the material (Si or Ge) and carrier species (e- or h+). To fully model all of
this requires detailed Monte Carlo simulations of all these processes, which SuperCDMS

has been refining for many years.

Phonon Emission Rate in pW/e/rad
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Figure 2.11: Theoretical angular distribution of NTL phonon power. Solid (dashed)
lines are for electrons (holes). Black (gray) lines are for Ge at 300 V/m (Si at 400
V/m). The angle is measured from the net electron drift direction (i.e. the detector’s
z-axis). This shows that NTL phonons are emitted primarily in the forward direction
for both types of carriers. Reproduced from [I51] with permission.

Now, this is not to say that everything is hopelessly complicated. Because all of
these phonon populations scatter and downconvert (albeit at different rates, locations,
etc) to 0" order they all end up as ballistic phonons rattling around inside the crystal,
bouncing off of bare crystal faces or being absorbed by the phonon sensors. This is
roughly the state of things after a few hundred ps, just a randomized phonon bath with
all recoil position information lost but a total energy proportional to So even
without the detailed modelling, one can make decent measurements of recoil energies
independent of event position. Of course taking into account these other effects is

important to maximize detector performance and energy resolution.
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The actual measurement of phonon energy is carried out with quasi-particle trap
assisted electrothermal feedback transition edge sensors (QETSs) [I54]. These transition
edge sensors (TESs) are operated in electro-thermal-feedback (ETF) mode and read out
with SQUID based amplifiers. The detailed physics of QETs will be discussed more in
but we give a brief outline of their operation here. As seen in[Fig. 2.12] each QET
consists of a small tungsten film connected to several aluminum fins. The sensor operates
at < 50 mK, well below the 1.2 K Al superconducting transition temperature. Phonons
in the crystal which have sufficient energy (2 0.36 meV) can enter the Al fins and break
Cooper pairs into quasiparticles. The quasiparticles then diffuse through the fins, with
a fraction of them making it into the tungsten. Those which make it can then transfer
their energy by scattering with Cooper pairs and heating the tungsten. A small voltage
bias maintains enough Joule heating in the tungsten film to hold it in stable equilibrium
in the sharp transition between its superconducting and normal temperatures. When
additional heat enters the tungsten, it causes the resistance to increase and the bias
current to momentarily change. This changing current is monitored by a sensitive
SQUID based amplifier and fed out of the fridge to be digitized.

Figure 2.12: Left: iZIP detector in copper housing. Right: Charge and phonon sensor
layout mask with TES details shown in the insert. The aluminum fins are shown in
blue, amorphous silicon in green, and tungsten in red.

2.2.4 Detector Variations

SuperCDMS detectors have evolved several times since the earliest designs at Berkeley.
For more info on previous designs one can consult one of many fine previous dissertations

[155, 142, 156, 137]. Here we will give a brief overview of the current arsenal of detector
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types commonly used by SuperCDMS.

The detectors are generally constructed out of either Ge or Si crystals to provide
complementary sensitivities to different DM masses (Si recoil kinematic cutoff is lower
than Ge) and backgrounds (Ge has fewer intrinsic radioactive backgrounds). There are
two flagship device types that SuperCDMS will deploy at SNOLAB, the iZIP and HV
detectors. Both are built from high purity [100]-oriented Si or Ge crystals shaped into
cylinders 100 mm in diameter and 33.3 mm thick. The only difference is the phonon

and charge sensors patterned on the crystals.

Flagship SuperCDMS Detectors - iZIP and HV

The interleaved Z-dependent Ionization and Phonon (iZIP) detectors feature a novel
charge biasing scheme to help identify events near the crystal surfaces [I57]. This is
important as such surface events are known to exhibit incomplete charge collection,
distorting the measured signal. One particular danger is that an ER with a low charge
measurement may be reconstructed as an NR, so a poorly-measured gamma ray could
be mistaken for a WIMP. To mitigate this effect, on each detector face there is both an
inner charge bias/readout electrode covering most of the surface and an outer charge
bias/detector ring at high radius. Comparison of the measured signal amplitudes in the
inner and outer channels allows for radial fiducialization in order to remove events near
the cylindrical surface.

To identify events near the flat detector faces, a clever biasing scheme has been
borrowed from the Edelweiss Experiment [I58]. Each bias electrode is also interleaved
with grounded electrodes with a spacing of around 1 mm. This maintains an electric field
which is axial in the bulk of the cylindrical detector, but scalloped within a distance of
~1 mm of each flat detector face. With this design, charge carriers from events occurring
in the detector bulk traverse the crystal almost as if there is a purely axial field and
induce the expected ionization signal. Charges from surface events, however, are likely
to drift to the nearby biased or ground electrodes, inducing signal almost entirely on a
single side. shows this bias field near a detector face as well as an example
of the resulting charge (a)symmetry in measured data. The bias voltages used here are
typically =4 V.

Another feature of the iZIP device is that the grounded electrodes are actually
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Figure 2.13: Left: Cross section of SuperCDMS iZIP detector showing electric field
effects of interleaved electrodes. Taken from [I59]. Right: Charge signal measured on
opposite detector faces for a population of events. In green are near-surface events,
which occur in the scalloped field region, inducing signal on only one detector face.
Purple events are those occurring in the detector bulk which give a balanced signal on
the two faces.

composed of QET phonon sensors as shown in This allows a simultaneous
measurement of the charge and phonon signals from individual particle events. Due
to their different ionization yields, this can provide an event-by-event discrimination
between ERs and NRs. An example of this is shown in This difference can be
exploited to select only NRs when searching for WIMP-nuclear recoils. It will also be
useful at SNOLAB when studying the different types of background signals and recoil
type discrimination. Unfortunately, below ~ 10 keV the charge amplifier noise limits
the resolution of this device.

As shown in the left side of the current generation of iZIP detectors feature
6 phonon and 2 charge channels on each face of the device. This type of detector was
used for the position sensitivity studies which will be discussed in

The HV detectors are composed of only phonon sensors and operated at higher volt-
age, typically ~100 V. By this gives ~ 30x amplification of the NTL phonon
energy. This dominates the primary phonons and effectively measures the number of
charge pairs produced via the NTL energy. Because of this, the phonon and charge sig-
nals become degenerate and discrimination via yield is not possible (hence the lack of

charge electrodes). However, the NTL amplification allows the detector energy threshold
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Figure 2.14: Ionization yield as a function of recoil energy from a calibration run of
CDMS II. Taken from [I60]. The upper band corresponds to ERs and the lower to NRs,
which have a yield of ~ 0.3 in this energy range.

Figure 2.15: Left: iZIP phonon channel layout. The outer charge electrode is interleaved
with the outer phonon channel while the inner charge electrode is interleaved with the
remaining channels. Right: HV phonon channel layout. This device is composed of only
phonon sensors.

to be greatly improved and the detector can become sensitive to lower energy interac-
tions. This type of detector is the natural extension of the CDMSIlite mode of detector
operation developed at SuperCDMS Soudan [I61]. The SNOLAB HV design features
12 phonon channels like the iZIP, but in a slightly different arrangement to optimize for
measurement of radial position information. This is shown in the right side of

Ideally, the detector resolution is limited by fundamental thermal noise effects in the
QETs and readout electronics. In that case, one can simply increase the bias voltage to
amplify the phonon signal and achieve arbitrary signal to noise ratio. Of course things
are not that simple and additional noise sources begin to dominate after ~ 20 V. This

is discussed in more detail in [Ch. 4] but the net effect is that the optimal HV detector
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performance has typically been achieved at ~ 100 V. This type of device was used for

several of the studies highlighted in this thesis.

Test Devices Small and Large

Many different types of R&D detectors are tested in order to push forward various
components of the technologies. Here we highlight two extremes, small phonon-only
devices and large charge-only devices.

The HVeV line of detectors are a set of small, ~1 g, test devices which were designed
to study improvements in QET sensitivity. Like the HV detectors, they have only
phonon sensors and use the NTL effect to provide amplification. A photo of such a
device in the “Animal” ADR (adiabatic demagnetization refrigerator) at Northwestern
is shown in This detector program has been very successful to the point of
allowing single e/h pair sensitivity [162]. With this low energy threshold, these devices
have been used to explore new parameter space for both dark photons and ERDM
[47, 48] without the need for the strict backgrounds controls or large detector masses
required of WIMP searches. With this sort of resolution, such devices have also become
very valuable tools to study the nature of leakage currents observed at high voltages.
Some ongoing studies of these devices at NEXUS will be discussed further in As
of this writing, there have only been a few generations of these devices produced in Si,
but there are plans to fabricate similar designs on Ge as well.

At the other end of the spectrum, we have also demonstrated the largest (> 1.3 kg)
cryogenic Si detectors yet operated [163]. These charge-only devices test the limits of
current crystal growth technologies. They were also operated using a novel contact-free
biasing scheme. This will be discussed further in [Ch. 6]

2.2.5 DAQ and Data Processing

Signals from SuperCDMS detectors are controlled and read out using custom detector
control and readout cards (DCRCs) [164]. The DCRCs interface with the cold electron-
ics (SQUIDs, cryogenic FETSs) and digitize the charge and phonon signals. Standard
telnet protocols are used to communicate with DCRCs via ethernet in order to read
trigger information and retrieve digitized pulse data. Communication and coordination

of these boards is accomplished via a custom MIDAS-based DAQ system [165]. Because
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Figure 2.16: Photo of a 1 cm? HVeV detector mounted in the Northwestern ADR.

SuperCDMS detectors can produce huge amounts of raw data (~ Mb/s for an iZIP de-
tector triggering at 10 Hz) a set of streamlined processing code names cdmsbats, has
been developed to automatically extract and calculate meaningful quantities from each
event. These quantities, such as integrals, amplitudes, and timing of charge and phonon
pulses, can be used to determine the position and energy of recoil events.

Although they are not given much airtime in this document, a tremendous amount
of work has been (and continues to be) devoted to development of the SuperCDMS
DAQ and data processing algorithms. Each of these topics could expanded to a thesis
in their own right. However, some will be discussed in more detail in later chapters

when relevant.



Chapter 3

Phonon Sensors

3.1 TES Basics

The operation of a transition edge sensor (TES) relies on the steep variation of resis-
tance as a function of temperature in the normal-superconducting transition region of a
metal. This response allows the device to be sensitive to incoming heat. In SuperCDMS
detectors, the heat signal is ultimately from phonons created by particle events in the
detector (though the phonons themselves do not directly heat the TES as explained
later). The superconducting critical temperature, T, of a metal also depends on the
current going through it due to the magnetic field thus produced. shows the
resistance, R(I,T), of a Mo/Au TES as a function of temperature and current near
the critical phase transition. SuperCDMS generally uses W as the TES material, but
the qualitative behaviors are the same. Below the critical temperature, T, the TES is
superconducting and has 0 resistance while at higher temperatures it acts as a “normal”
resistor and follows Ohm’s law with resistance Ry. In between these two regions is a
sharp transition where the resistance varies smoothly between 0 and Ry with tempera-
ture. As can be seen, there is also a slight dependence on the current running through
the device, but this is generally far less dramatic.

When operating a TES, it will be held near a quiescent point, Ry = R(Iy, 1)),
generally midway through the transition. Then it is useful to describe the local topology

o1



52

50 "\I\ \
40 b= \\
o
_ 5 1\q
3 » 9
= E
[y —
e | 8 \
3 o) ;
O 20 e \
E L Y 'ﬁ'{ :
1 1| G Tg o e 3
g FERmRy
5§?EW? o
B _TWATINR
96 a7 3a 99 100

temperature (MK)

Figure 3.1: TES resistance as a function of current and temperature. The trajectory
through this space when scanning the applied TES bias voltage is indicated. Also
shown are the directions in which the o and 8 parameters are defined. Image taken
with permission from [166] with modification.

of this space using the logarithmic temperature and current sensitivities defined as

o= dlogR| Ty OR (3.1)
~ OlogT |, -~ Ry OT Io ’
and o 5
ogR Iy OR
= = ——— 3.2
g Ologl |1, Ro 01 |, (3:2)

Typical values for TES parameters are a ~ 100 and 8 < 3 [167]. These allow us to
expand the TES resistance near the quiescent point as,

Ry

I1.T) ~ —
R(, ) R0+aT0

5T + g5 (3.3)
Iy

To operate such a device as a phonon detector, the TES temperature and current are
not controlled directly. Rather the bias voltage across the TES is controlled and the
resulting values of the temperature, current, and resistance depend on the rest of the
electronic circuit, the TES’s connection to a thermal bath, and any additional input

power from phonon signals.
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The TES is generally photo-lithographed onto a larger substrate which acts as a
larger thermal bath. In SuperCDMS, the substrate is the large Si or Ge crystal. The
device is operated by first cooling the bath lower than the TES Tx. Then, the TES
can be warmed up to the transition region by passing a current through it and carefully
adjusting the Joule heating. This is accomplished by connecting the TESs in parallel
with a small shunt resistance, Ry, as shown in the left side of If Ry, <<
R(I,T), the TES is then voltage biased with Vrpg ~ Ip R, and the power it dissipates
will be Proyie = V%ES/R(I,T). This causes the TES to remain stable to thermal
fluctuations. Any increase(decrease) in temperature drives up(down) the resistance,
which causes the Joule heating to decrease(increase). This effect is called Electro-

thermal Feedback (ETF) and can be described by the power balancing equation

dTl
C’E = Pjoute + Pphonon — £(T" — Tyoun) (3.4)

where C'is the TES heat capacity and Ppjonon any heating power from phonons entering
the TES. The final term describes cooling via conduction to the crystal substrate. Here,
the exponent n=4-6 is determined by the dominant thermal impedance between the
crystal and TES [168]. Values of n ~ 5-6 are generally observed in SuperCDMS devices
[142] and can be studied by observing the equilibrium value of Py, while adjusting
the crystal temperature.

With the temperature stabilized in ETF mode, the total power will be roughly
constant. In its quiescent state, there are no incoming phonons and the TES draws
enough Joule power to compensate heat loss. When the device is heated by phonons, it
draws proportionally less current in order to stabilize. Thus, by monitoring the signal
current flowing through the TES, I, the total energy deposited by phonons can be
measured.

The right side of the TES circuit in is solely dedicated to measuring I;.
This current is measured using an array of DC SQUIDs (Superconducting QUantum
Interference Devices) [169]. The SQUID array acts as a sensitive magnetometer, re-
sponding with a voltage change proportional to the magnetic field induced by I, flowing
through the input coil, Lj,. An amplifier is operated in feedback mode to stabilize
and linearize the SQUID amplifier response. Because the signal is flux coupled to the

SQUID, a feedback resistor, Rpp and coil, Lrp are used. The amplifier will adjust V.
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Figure 3.2: Circuit diagram of phonon measurement electronics. The phonon loop on
the left is designed to hold the TES near its transition temperature. The right side of
the circuit is a SQUID-based amplifier to monitor and amplify the signal current, I
passing through the input coil, Lp,.

to compensate for changes in the magnetic flux through the SQUID. This results in the

relation
N,
Vout = IsRpp NIN (35)
FB
where % is the ratio of turns in the input and feedback coils. In SuperCDMS elec-

tronics this ratio is typically 10-14 and Rrpp ~ 1 k2. Except for the current sources and
amplifier, everything in this circuit diagram is maintained at cryogenic temperatures,
between 10 mK and 1 K depending on the component. The output voltage from this
first stage is further amplified and digitized by electronics outside the cryostat.

3.1.1 QETs

The TES sensitivity to input energy depends on its total heat capacity, dQ/dT = C =
cM, where M is the TES mass. A smaller device will respond with a larger temperature
change for a given input power, so we want to make the TES mass as small as practical.
However, in SuperCDMS we deploy these devices on the surface of a large Si or Ge

crystal to measure the phonon energy present in the crystal and we want to absorb as
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much of that energy as possible. One practical way to meet both demands is to add
large (~ 10* pm?), flat absorbing fins to a small (~ 10? ym?) TES as shown in
In SuperCDMS devices, the TESs are made of W and the fins are Al. While Al is also
a superconductor, it has To =~ 1.2 mK, and does not enter the transition region at the

typical detector operating temperatures of < 60 mK.

o —
- e

Figure 3.3: Diagram of QET consisting of a W TES with Al fins. Phonons in the
substrate break Cooper pairs in the fins which then diffuse to the W and heat it.

This type of arrangement is called a Quasiparticle trapping assisted Electrothermal
feedback Transition edge sensor (QET) [170]. Phonons from the detector substrate enter
the superconducting Al and can break Cooper pairs if they deposit more than (twice)
the superconducting energy gap E 2 2A(T = 0) ~ 3.5kpT¢ [144]. In Al this is only
0.36 meV. Once a Cooper pair is broken, the quasiparticles will diffuse through the Al
until they recombine or are trapped. Because the W has a much lower T than Al, its
superconducting band gap is lower. Because of this, the energy level decreases moving
from the Al, through the overlap region, and into the W, forming a “quasiparticle
trap”. Once there, the quasiparticles will interact with the W electron system, raising
its temperature. In this way, even though phonons are not absorbed in the TES directly,
more of their energy is funneled to it. Now, the processes that transport this energy
involve finite efficiencies. Only some of the phonons in the substrate will impinge upon
the Al fins, some fraction of those will couple into the Al, and only some of those

will have the energy to break a Cooper pair. Then the quasiparticles move diffusively
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through the fin and only those that happen to reach the trap fall in. This last portion
depends on details like the fin and overlap geometry and quasiparticle lifetime. There
is very interesting physics happening in each of these steps, but detailed studies are
beyond the scope of this thesis. Suffice it so say that much work has been done to tune
the interface materials and QET geometry so as to maximize the total efficiency with

which phonons in the crystal are converted to heat in the TESs [I71].

3.2 1[I, — I, curves

An important way to evaluate a TES circuit is to sweep the bias current, I, and evaluate
the response of the signal current, I (see . This is called taking an I, — I or
an IV curve. The “IV curve” label comes from the fact that scanning I is equivalent
to scanning the voltage across the TES branch of the circuit. This procedure is done
relatively slowly, so that at each set point, the circuit stabilizes. A diagram of such a
curve is shown in Its shape is explained below.

5
= Superconducting
20 Transition
— Normal
—, 15 -
<
=
~ 101
5.
D T T T T T T T
0 50 100 150 200 250 300 350 400

I [UA]

Figure 3.4: Measured I, — I curve for a TES. In the superconducting and normal regions,
it behaves like a simple resistor, while the transition region is more complicated. The
dashed line shows an unstable region of the curve where the TES will fall from transition
into superconducting.
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The TES circuit has the following DC relationship

IyRs, = Is(Rr + R) (3.6)

where R = R(I,,T) is the TES resistance and the load resistance, Ry, is the shunt
resistance plus any parasitic resistances in the TES-shunt loop. At low values of I, the
TES will remain superconducting (SC) and have 0 resistance. There, the circuit will
follow

L) |se = Ibi?. (3.7)
Likewise, at high I, the TES will generate enough Joule heat that it is driven normal
(N). In that extreme, the circuit will also follow the simple relation
Rgp

Is(Ib)‘N - Ibm

(3.8)

In both of these cases, the I, — Iy curve will form a straight line with slope set by the
resistance ratios. When the TES enters the transition region, as long as there are no
phonon signals coming into the TES, it will adjust its resistance such that the Joule

heating power will balance the bath cooling power.
LR(L,T) = K (T" — Thoun) (3.9)

We can use the DC circuit relation to rewrite this to make the dependence on I, more

clear
R(I,T)

(R + R(I,,T))? ~
So for each value of I, the circuit will settle on some T" and I that satisfies this relation.
A simple simulation of such a scan is shown in There, we have assumed the TES

has a smooth transition region from superconducting to Ry = 100 m{2 and o = 0o so

(I,Rgp)? K (T™ — TP ) (3.10)

its resistance has no intrinsic dependence on I;. The left panels show how the various
parameters change throughout the scan. The right diagram indicates the trajectory
through the resistance space of the TES. There are jumps in the temperature between
the SC and transition region. This is also observed in real devices and is because the
circuit is unstable when R < Rj,.

When operating a TES in the lab, we generally only have access to the values of I

and I;. From there we can determine the TES resistance and quiescent Joule power.
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Figure 3.5: Simulated TES parameters during an I, — I scan for a TES with o = oc.
Left: Corresponding [, — Iy curve and associated TES resistance. Also shown is the
TES temperature, though this is not observed directly in practice. Right: Trajectory
through the R(I,T) space during the scan. There are points between the SC and
transition regions where the circuit is unstable.

This information is used to select an operating point for the detector. Generally this is
chosen to be near the bottom of the transition region, but not so low as to risk falling

into SC. In practice, this is somewhere in the region of Ry=0.2RNy—0.5Ry.

3.3 Complex Impedance

We saw above that I, — I curves are useful in determining DC characteristics of the TES
circuit, in particular for setting the TES operating resistance, Rg. But the frequency-
dependent response is also important, as it contains information about parameters like
o and B as well as how the input coil inductance limits the sensor circuit bandwidth.
The complex impedance of the TES circuit is used to characterize these quantities. This
section shows a theoretical derivation for the complex impedance and (briefly) discusses
methods used to measure it. Much of this section is an attempt to follow derivations in

[154], and thus closely follows the treatment therein.



99

3.3.1 Derivation

The TES circuit can be represented by a Thevenin-equivalent circuit with bias voltage
V' = IpiqsRsp and load resistance Ry, = R+ Rpqr (Which represents the total resistance
of shunt and any parasitics in the TES-shunt loop), the input coil inductance L, and
the TES, all in series. The TES dynamics are governed by two differential equations;

one thermal and one electrical. The thermal equation (discussed earlier) is,

dT
C% = PPhonon + PJoule - PBath (311)

where C' is the heat capacity (to first order of TES and any absorber/fins, but this
is really more complicated due to thermal impedances between them), 7' is the TES
temperature, Ppponon 18 any incoming phonon power, Pj,,. is heating power from TES
bias current, and Ppyt, is cooling power to the thermal bath. The electrical equation
is,

dls

L2 =V — LRy — LRI, T) (3.12)

where L is the input coil inductance, I is the current in the TES, and R is the TES
resistance. In practice, L includes feedback effects from the SQUID circuit which can
effectively reduce the inductance [I72]. Now, we can expand all of these parameters

about their steady state values. The cooling power to the bath takes the form,

Ppain = K(Tn - Tgath)

(3.13)
~ PBatho + G(;T
where we have defined the differential thermal conductance parameter G = deiT“th =
KnT™ . Now we can also expand the joule heating power as,
Proute = IQRTES
(3.14)

P P
~ Pjouleo + ZIORO(SI -+ a%éT 4 5%5‘[
0 0

All of these expansions can then be substituted in to linearize the thermal and
electrical differential equations. In the absence of electrothermal feedback (ETF), the
thermal equation has a natural thermal time constant 7 = C'/G. This is the time scale

of cooling from the bath. Under constant current conditions and with no input phonon
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power, the thermal equation becomes

déT o PJouleo
g = 0 oT — GoT (3.15)
T 1-—
T (-2 (3.16)
dt T

where the low-frequency loop gain is defined as .Z = &Pjoue,/GTo. This quantity
relates to how sensitive the Joule power is to changes in the temperature at constant
current. For a sensitive device, we desire a high value of .Z. Integrating this equation
gives the exponential decay of temperature excursions with the current-biased time con-

stant 77 = 7/(1 — Z). Using these definitions and expansions, the differential equations

become,
déI 6V Rp+(B+1)Ro ZG
oI i3 61 oL 6T (3.17)
aor o 0 Pphonon IORO(B + 2) 0T
7 C + c ol - (3.18)

By considering the circuit response to a change in current while holding 67" = 0 in
we can define a characteristic electrical time constant as

B L
R+ (B+1)Ry’

(3.19)

Tel

Now we can write things a little more compactly using these definitions and by putting

the coupled differential equations together into a single matrix equation.

1 ZG %
di <M> - ( IOR?(BH) IO1L> <M> T <6PL ) (3.20)
t \or _Dofolge L ) \7 ) "\ $epenen

To compute the complex impedance, Z(w) = U(lT‘I/’ we apply a signal to the bias current,

which is in turn a Thevenin-equivalent voltage signal, 6V = 01, R, and analyze the

above equation for each Fourier component by using,
6X — Re(6Xe™Y). (3.21)

Then, we obtain the following relationship among the TES state variables,

51 14
()-8
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with
1 . ZG
= 4w L&
M= "= foL 3.23
<_ 10R0é5+2) % + iw) ( )

These relationships will be useful both here and in later analysis of noise in the circuit.

We will also find it useful to have the expression multiplied through by the inverse

81 (%
() (3

1 . £G
M= ! ( oW L ) (3.25)

(1/77 +iw) (1) 7 + iw) + Ho B2\ Lfol42) Ly,

matrix, M !, whence

with

We can now use this to obtain an expression for the complex impedance. It is measured
when there is no external signal power entering the TES from sources such as phonons,

so 0P = 0. We then simply read off the complex impedance as

1% L
_ - 3.26
of M| (3:26)
which, using the definitions of 7.; and 77, becomes,
. Ry pB+2
Z(w)=R L+ R 1 3.27
W) =Rr+iwl+ Ro(B+ 1)+ 75 00 (8:27)

We see that the first two terms of [Eq. 3.27] are the impedance of the passive resistors and
the inductor, so the TES impedance can be identified as the last two terms. This makes
it clear that the overall circuit impedance depends on some important TES parameters
including the operating resistance, Ry, the sensitivity of R to changes in current, S,
thermal properties G and C' (which factor into 77 and %), and the sensitivity of R to
changes in temperature, « (a factor in .&).

We can begin to understand the shape of Z by considering There, we have
plotted several curves of Z(f) for different values of 5 and .#. The first curve is for a
near-ideal device with 8 = 0 and high .. We observe that the low frequency impedance
has a phase of —m, meaning the DC response of the circuit will be out of phase with a
driving signal. This is an effective negative DC resistance and accounts for the change

in slope sign in an I, — I; curve. However, as the frequency increases, the amplitude
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Figure 3.6: Complex impedance curves for several values of § and .Z.

does as well and the phase eventually comes back to 0. In the limit of infinite frequency,
the phase approaches 7/2 and the impedance becomes infinite. This behavior is driven
by the presence of the inductor. This same general story holds when we relax the 3
parameter, but the high frequency amplitudes are enhanced. By contrast, decreasing
% (or, equivalently decreasing «) enhances the low frequency impedance amplitude.
The shape is, of course, dependent on other parameters as well, but this illustrates how

intrinsic TES parameters can be extracted from measurement of complex impedance.

3.3.2 Measurement

As shown above, the complex impedance of the TES circuit contains information about
various TES parameters. The goal of this section is to show how measurements can
be used to extract those parameters. Z can be be measured in various ways includ-
ing by sweeping the frequency of a sine wave and recording amplitude and phase of
response, injecting a square wave and fitting the time- or frequency-domain response,
or injecting white noise and convolving the input and response [166]. In the sections

below, we discuss only the sine and square wave methods which have been used often
in SuperCDMS.
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Swept Sine Wave

With the TES in transition with some DC bias current, I, a small sine wave perturba-
tion is added, such that I(t) = I + 0y sin(wt). This induces a a perturbation in the
effective voltage of amplitude 0V = Rg,01;. By measuring the phonon sensor output,

one can then compute the complex admittance, §1/6V(w) = 1/Z(w).

[="]

A

(o)

L]

10# 10 108 104 1p19
f [Hz]

Figure 3.7: Shape of complex admittance magnitude and phase.

shows an example plot of 1/Z(w) and demonstrates the key features. The

position of the lower frequency shoulder is generally set by 7; and the upper by 7.

At high frequencies, the complex impedance is dominated by the iwl term, sending

1/Z — 0. Here, the inductor acts as an open circuit, shielding the TES branch from

any current change. At intermediate frequencies, 1/77 < w < 1/7¢, 1/Z plateaus, giving
1 1

Z i ~ L TRGIT Tel/ L. (3.28)

Here, we are below the inductor’s cutoff, but the signal is too fast for the ETF to

respond, so we just see the resistor-like terms. At frequencies below the current biased
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time scale, 77, the impedance tends to a constant value

1 B 1-%
Zlo—o RrL+Ro(B+1)+Z(Ro—Rp)

In this regime, the ETF mechanism is operating, and a change in voltage results in

(3.29)

a larger change in signal than it did without the feedback mechanism; i.e. the TES
impedance is low here. What’s more, for . > 1, the impedance is negative. This is
exactly what we saw in the I — I, curves earlier; when in transition, the IV curve of
the circuit has a negative slope.

We can also understand how the phase changes with frequency. At low frequencies,
the ETF is operating and the current is out of phase with the driving voltage. At
frequencies higher than 1/77, the TES branch basically operates like a resistor and the
current is in phase with the driving voltage.

Early measurements of this type were undertaken at UMN using prototype detector
control electronics which were limited to outputting triangle-wave test signals. Nev-
ertheless, the measurements were somewhat successful despite the aliasing of multiple
frequencies compared to a pure sine wave signal [I73]. One such measurement is shown
in At frequencies above ~ 20 kHz, the output signal becomes small as the ad-
mittance falls and extraction of the phase becomes unreliable. However, the extracted fit
parameters were all reasonable for the device under test. Higher precision measurements

of this type are now being employed on devices at NEXUS.
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Figure 3.8: Complex impedance measurement at UMN using swept triangle wave.
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Square Wave

The process described above can be tedious and time consuming since data must be
taken separately at each frequency. Alternatively, one can probe all the harmonics at
once by simply driving the circuit with a square wave signal. The Fourier coefficients of

a driving square wave of frequency wp are the terms with all the odd multiples wp/2,

[e.e]

5V(t):257V 3 1gn (”“;Dt> (3.30)

n=1,3,5,...

Each mode will induce a response in the TES circuit as described by the shape of the
complex impedance curve. In the time domain, we can expect that the early part of
the response will be a small spike in amplitude in the same direction (in phase) as the
driving square wave and having a time constant 7.;. Then the signal will fall to a level
prescribed by and with time constant 77. In practice it is easier to take the
Fourier transform of this signal and calculate the impedance at each frequency as

2 0V

o 5T (3.31)

Z(w=nwp) =

Electrothermal Oscillation

While we are looking at the details of complex impedance, we will briefly mention the
issue of electrothermal oscillations. (For a more thorough treatment see [I71] or [140]).
This is an undesirable effect that can occur in TESs when the characteristic timescales,
71 and 7, are too close to each other. If these frequencies are within a factor of a few,
the poles interact and cause the magnitude of the admittance to grow strongly. This
effect can be seen in the left side of where the admittance is plotted for a range
of wej/wr = 71/7e ratios. The plot on the right shows the impedance curves in the
complex plane. There, the resonance occurs when the curve passes through the origin,
where |Z| = 0.

The practical effect is that the circuit will respond with a huge change in signal
current for small perturbations in voltage. When this effect is strong, the response
is not quickly damped but sets up an oscillation. We will be able to see this more
mathematically in the next section. One physical way to understand it is that the

circuit is behaving like an RLC oscillator, with the TES heat capacity playing the role
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Figure 3.9: Resonance in complex impedance that results in electrothermal oscillation.
Left: Complex admittance as a function of we;/wy ratio. Right: Corresponding complex
impedance curves.

of the capacitor. Basically, energy gets passed back and forth between the magnetic field
in the input coil and the heat in the TES. The TES circuit and thermal parameters
should ideally be designed to avoid such behavior as it can amplify noise sources as we

will see later.

3.4 TES Energy Response

In this section, we will examine how the TES circuit responds to an input of phonon
energy. In particular, we are interested in how that energy is related to the quantity I,

which is our only measurement of the TES state when in operation.

3.4.1 Impulse Response

We start by considering the response of a TES to a delta function input of energy. As
described in [I54], the equations obtained in [Eq. 3.20| can be solved by first calculating

the eigenvectors, vy, and associated eigenvalues, A+. They take the following forms,

1-Z-X+7 @G
Ui:< 245 foRO) (3.32)

2
Lo l_1 1 il\/(1_1> PG oo

Tel T L T
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Now, for a delta function energy input, E, we set 6V = 6 Ppponon = 0 in [Eq. 3.20] and

then find a homogeneous solution of the form

51
= ALe M, + A e Mt 3.34
(5T) peMig, (530

Then, using the initial conditions §7'(t = 0) = E/C and 61s(t = 0) = 0, we can solve

for the prefactors

El—r1/77

Ap = ——F 2 3.35

T 01— T /Ts (3.35)

With this, we can write the measured response of the TES current to an impulse of
energy as

E A =1/m) Ay = 1/71) 1 _
51,(t) = [T+ _ 7t/ :
= LR+ A — A G c ) (3.36)

This demonstrates the basic response of our phonon sensors; they should have a double
exponential shape, with rise(fall) time set by 74 (7—). To understand this better, we can
consider the case where the response controlled by the inductor, 7; is much faster than

the current-biased circuit response time, 77. Then we see that

T+ — Tel
R 1 (3.37)
T_ Teff =T
T 2

So the rise time of the pulse is set by the effective L/R time constant of the system
when in transition. This is sensible because we prescribed a delta function input and
this is the fastest the circuit can respond. The fall time is scaled by the natural, thermal
time 7, but also gets faster for higher loop gain. We can also see the hint of a stability
condition in the denominator of 7_. If the TES is biased too low in transition, such
that Ry < Rp, and if .Z > 1, then the fall time changes sign, and the TES is unstable
and will not return to equilibrium after an energy pulse.

Now, in practice, the phonon signals coming into the TESs are not quite a delta

function, rather they bounce around in the detector crystal and can deposit power in
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the TES over periods as long as a few ms. So we need to extract the total absorbed
phonon energy for an arbitrary current pulse, not just the simple double exponential
above. We derive expressions for this a few different ways in the coming sections.

The impulse response can also show us something about the electothermal oscillation
case. The terms Ay are real-valued as long as the argument of the square root is
positive. However, if the argument becomes negative, the falling exponential will obtain
an oscillatory component as well. Depending on the strength of the resonance, this
could manifest as simply a small oscillation on the falling edge of a pulse, or a strong,
sustained oscillation. There are a variety of detector and circuit conditions that can
cause the oscillation (which are evaluated in [I71]), but a few general trends are that
the oscillation can be made worse by moving the TES deeper into transition (since this
generally increases Ry.Z) or better by using a higher base temperature (which decreases
Z at a given Ry). However, full understanding of this generally requires analysis of the
particular circuit and TES parameters. Here we will simply follow the advice in [168]
and say that one should ensure the electronics pole should be at least a factor of a few

times higher than the characteristic TES response time.

3.4.2 Strong Feedback Case

Here, we treat the simple case when the TES is operating with strong feedback, by
which we mean the circuit responds fast enough that the temperature does not vary
appreciably. In this case, the power going to the bath will not change and the Joule
heating power will exactly track any incoming phonon power. Likewise we will restrict
ourselves to small perturbations so that the change in signal current is small.

When the TES absorbs some energy, F, it heats the TES, increasing its resistance
which reduces I;. The amount of absorbed energy is related to the change in TES
current, 0/. We will define 01, = Iy — Is > 0 as a positive quantity since, in practice, we
like to think of the I signal as pulses instead of troughs. Now, in this case the amount

of energy absorbed will be compensated for by a reduction in the Joule heating, thus

Eabs :/VTEséldt (338)
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Using Kirchhoff’s Voltage Law with the TES circuit gives

dol
Vrgs = IyRsp — (lo — 015) R — L o (3.39)
where Ry, = Ry, + R, which allows us to write
Eabs = (IbRsh - IORL) /5Isdt + RL/dlszdt
(3.40)

—(1- -t VLR [ 6Ldt+ Ry | 61,%dt
(1= 5, 2 ) Tt .

where there is no net energy held in the inductor over time scales longer than Ry /L.
This result indicates that the TES can be “self calibrating” in the sense that one can
calculate the absorbed energy based solely on the circuit characteristics without need
for detailed understanding of the TESs internal parameters (e.g. «, ). In practice,
however, higher order corrections can start to matter. These can either be measured
and included in the model (as derived in the next subsection) or the device can be

calibrated with known energy sources (e.g. lasers or radioactive sources).

3.4.3 Higher Order Corrections

Here follows a derivation of absorbed energy in a TES with higher order corrections.
In particular we will account for parasitic resistances, the shape of the R(I,T) surface
near the bias point, and the variation in bath cooling power with temperature. Credit
to M. Fritts and N. Kurinsky for previous work to include several of these effects [I71].
For clarity, we will assume the shunt branch has a total resistance of Ry, = Rsp 0 +
Rgp par made up of the nominal shunt resistance and any parasitic resistance on that
branch. The TES side has the TES resistance, Ry = R(I,T'), some parasitic resistance,
R,, and the inductor. The voltage across the two branches is always equal, so we have

the DC relation
(Ip — Is)Rsn = Is(Rp + Rs) (3.41)

which also holds at the quiescent point (Is = Iy, Rs = Ry). Now, the bias power in the
TES at any time is
Py = I?Rs = I; IRy, — I2(Rg, + Ry) (3.42)

where in the final expression we have eliminated R, to make clear that we can measure

the total bias power by monitoring I, since all other terms are constant. Now, we want
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to measure the extra power that was absorbed when some phonon power comes into the
TES. To do so, we want to compare the TES bias power during a pulse to the quiescent
bias power. To Oth order, the quiescent bias power is just the TES bias power at the
quiescent point, Py = Py(Is = Iy, Ry = Ry) = I2Ry. However, as the TES is heated, it
moves in the transition, so we ought to also account for the fact that the quiescent bias
power changes too. In other words, we need to account for the shape of R(1,T"). We

will do this by Taylor expanding the bias power in transition about the quiescent point,

I, =1y as
oP OP,
PS(IS’T):PS‘IO_}— 8718 (IS_IO)+ 6; (T_T0)+
s 1o, To 1y, Ty (3 43)
41 O, (Is — In)* + s (T — Tp)% +
S cee
2 0I2 Io.To 2 07?2 Io.To
We can evaluate the derivatives like
0P, 8(I§RS) 5 OR,
= — = 2Ig Ry + IO - = (2 + B)IORO (344)
I Io To 0l IoTo 0l Io.Th

and similarly for the other terms. Doing so and using the definitions of 1y = Iy — I

and 0T =T — Tj allows to write the power in transition as

§1 ST 1 SI\?  an (6T\?
P,(I;,T) ~ I? 1—(2 S ha—+-(2+14 —— ==
(1..7) 0R0< @+8)E o+ i (50) + 2 ()
(3.45)
where we have defined the unitless curvature terms as
T2 9*Ry
a9 = —
Ry 0T? I
0 (3.46)
5 I3 R,
2= ——
Ry 0OI? T

and have dropped any higher order contributions. This is the same result as obtained
in Eq. 12 of [I54], but now with the addition of the second order terms. Now, we are
ready to connect this to the absorbed phonon energy. We know that the energy balance
equation gives us

dE

E =P + Pphonon - Pbath (347)
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with Pyyn = 6 (T = T},,) and n ~ 5. At equilibrium there is no phonon signal power
and the Joule heating is balanced by the bath cooling Py = Pyysp,0. Now, when some
phonon power comes in, we can integrate the above expression over the timescale of the

pulse to obtain the total absorbed phonon energy

Eabs = /Pphonondt = / (*PS + Pbath) dt (348)

To get here, we use the fact that the sensor eventually returns to equilibrium, so the
total change in energy is [dE = E(t = —o0) — E(t = o0) = 0. Because we measure
small changes in parameters from equilibrium, it is useful here to insert a factor of

Py — Pyatn,o = 0 to the above expression to obtain

Eabs = /Pphonondt - / [(PO - Ps) - (Pbath,O - Pbath)} dt (349)

The first term can be obtained by inserting the expansion in[Eq. 3.45] The second term

can similarly be written in terms of an expansion in powers of §1" as follows.

Pyath,o — Poath = k(15" — Tygen) — 6(T" — Tygup)

=r(Tyy —=Tm)
— kTP '6T — "(”2_ Y pn—251 4 . (3.50)
2
_ —GTO(S—T _ (n-=1)GT, (0T
T 2 T
Now, putting this all into the expression for absorbed energy and collecting like terms,
we have
ol oT
Eups = / [1330(2 +B)—= + (GTy — I§Rocr) —
Io To
(3.51)
IBRy SIS\ 1 ) 5T\ ?
— 2+4 — = — 1)GTy — asl§ R — dt
2(+ﬁ+52)(10) +2((n )GTo — asl Ro) T

Now, when we operate the TES, we only have access to 615 but not d7". The best we
can do here is defer to the local R(I,T) topology to relate 0T to 6Is. We have

dT
0T ~ —
dR

T
SRy = —L6R, (3.52)
Io OtR()
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Then to see how this change in resistance will affect the signal current, we can expand
the DC relation for small signals
Iy Rsh

R, = — Ry,
1s (3.53)
LR, 21, R :
O e A R
i I3
Putting these together we find
T (1 I
5T ~ Lo bRQSh 51, — b]gsh 51.2
OéRo IO IO
) IR (3.54)
IyRa,6 1, — =612
e ( bitsh I
where the low-frequency loop gain is defined as
al2Ry
g =-0" 3.55
aTo (3.55)

Now, inserting this relation into and discarding higher order terms we obtain
(after a page of algebra)

Ry, Ry 1 /
Eype = |1—2 — | 1gR., [ 61.dt
b { RL+RO+BRL+R0+$}B h +
1 1 B2

2 _
T <RL2;R°) (” L 0‘2)]/51 2t
0

Well, it took a bit of work, but we have now arrived at a result that gives a more detailed
sense of how the absorbed energy depends on TES parameters. The first line of this
expression is linear in the signal current. There we see some parts that are similar to
the result in and two new terms that involve § and « (hiding in .#). The
factor of two in the second term can be traced back to having now included the §7" term
in the expansion of TES power in Likewise the term involving 8 comes from
that same expansion in §Is. The loop gain term, however arrived when we accounted
for the change in bath power. For a good device, we will have large .Z ~ 100 and small
B < 0.1. But these terms may start to play a significant role otherwise. If we take the
extreme limit of this, we obtain

| Eups=|1—-2——— | IR, 0l,dt + R 0l°dt 3.57
im b ( Rt R0> BRg, L (3.57)

a—00,8—0
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This is in agreement with [Eq. 3.40] except for the aforementioned factor of two which
comes from including 07. This expression is what we commonly use to get a first

estimate of the TES energy without doing a detailed analysis of all the parameters.

3.4.4 Empirical Calculation from [, — I, Curve

The TES can be thought of as self calibrating, provided one knows the circuit parameters
R, Ry, and Rg,. In practice, however, these values are ~10-100 mf2 so the results can
depend strongly on small parasitic resistances in the circuit wiring. Because most of the
wiring in the circuit is only superconducting at cryogenic temperatures, it is actually
somewhat difficult to measure them during detector operation, instead they must be
inferred from the TES circuit response. However, it turns out that one can obtain a
nice expression for E,, that incorporates this type of analysis. Credit goes to M. Fritts
for first devising the results obtained here.

We start with the assumption that the absorbed phonon power is made up for by
the reduction in TES power and any change in bath power as we argued earlier to get

[Eq. 3.49}

Pavs = Po — Ps — (Poatn,0 — Poath) (3.58)

Now, instead of expanding P; in terms that are difficult to measure, we use the DC

relation to write it in terms of I;. This yields
P(I,) = I’R, = IRy, I, — Ry I? (3.59)

and similarly Py = Ps(lp). Inserting these and doing a little re-arranging we find

ourselves with some familiar terms

Ryp
Pups=1—2——"— | IgR601s + Rr.01; — (P, — Py, 3.60
b < RL+Ro> BRsH L (Poath,0 — Prath) (3.60)

Now, we can treat the (local) variation in the bath power by realizing that this is exactly
what an I, — I curve traces out. At each point in the scan we have Ps(I) = Pyatn, and
we record the resulting value of I. This gives us an empirical map of Pyg (Is) = Ps(1s),
which we can the use to calculate the change in bath power near the set point, I, = Iy,
as follows.

dP
dl

1 d?P
5T, + 5

= 12 61
. 2 arz | ° (3.61)
0

I

Pyath — Poath,0 = 0 Ppatn, = 0Ps(1,) =~
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Note here that these are total derivatives, not the partials we used earlier, so the TES

temperature is also varying. Now, if we evaluate the power slope term, we find

dP, 5 dR;
I = 2I,Ry + I i
dR;
= 2(IyRgy, — IsRy) + I? (3.62)
dl,
dI,

= IRy, — 2IsRp, + IsRsths

dRs
dls

related to how the whole circuit responds. So in the third line we have evaluated the
slope of Rs by taking the derivative of [Eq. 3.41| and solving for ‘ig:. We also evaluate

the 2nd derivative as

Again, here these are total derivatives, so does not give terms of 3, but rather is

2P, dI, dI, d?1I,
T —2 e Is sh 379

a2 = g, T — 2 Ran g+ LsBan
B e ! .
- L shdIS sdlsh dISQ

terms cancel and we are left with

I dI,

Pabs(éls) = - (Ide

Evaluating these at Iy and inserting back into the expression for P, we find that many
IbRsh(SIs2
Iy

(z21)- (522
Iy dIs |, 21, dI? I
(3.64)
Of course we are ultimately interested in the energy absorbed, so we just integrate
[Eq. 3:64) over the duration of the pulse to obtain

I, dI,
Bas = — | 228 )1 I,
abs (Ib dIs [0> bRsh/5 dt+
I, dI, 2 &I, IRy, )
—— = ol“dt
" [(Ib dI, 10> - (21,, iz |, )| Io /

This form is useful because the terms in brackets are unitless and invariant to the scale

LyRp01s +
1o

(3.65)

of I or I5. They are directly obtainable from just the shape of the TES I, — I curve.
This means that any systematic uncertainties in the scales of various parameters only
enter in the product of Iy Rg,01s. Of course none of this is immune to uncertainties in

the offsets of these quantities. One more interesting feature is that this expression does
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not contain R, the TES parasitic resistance. While R,, will of course change the circuit
behavior, the effects are incorporated in the shape of the measured I, — I curve, so the

precise value need not be used here.

3.4.5 Bias in Integral of Squared Noisy Signal

While we often use specialized fitting algorithms to extract parameters from measured
pulses (see OF section) we do sometimes wish to directly evaluate the integral of a
measured trace. In that case, we must take the integrals of a noisy signal and its
square. We will assume that the current signal has the form 0I(t) = 0Iue(t) + n(t),
where 014 (t) is the true current signal and n(t) is a stationary noise term which we
assume is uncorrelated with Iy (t).

For the 1st order term, the integral of the noisy current signal will be an unbiased

integral of the true current since

( / SIdt) = / S Ty (£)dt + / (n(t))dt = / 8 iy (£) . (3.66)

However, the integral of the squared current acquires an offset bias from the n?(t)

term.

/(5[2dt /5 2 dt+/<251tm() ()>dt+/ ))dt = /5 2 (t)dt + To?

(3.67)
where T is the total trace length. This offset can be calculated and corrected for by
estimating o from the pre-pulse baseline standard deviation. In practice, this correction

is only of order 1% of the total absorbed energy.



Chapter 4
Phonon Signal Noise

There are several classes of noise present in the phonon signals; electronics noise, ulti-
mately from resistor Johnson noise; thermal TES noise caused by thermal fluctuations
between the TES and crystal; and power-coupled “noise” in the phonon system itself
due to leakage currents in the crystal. This chapter describes how each of these sources
contribute to the measured phonon signal and some studies carried out to understand
and reduce their impact.

The phonon noise spectrum is determined by circuit and TES parameters. By fitting
the noise distribution with the detector in various states, we can provide complemen-
tary information to e.g. complex impedance measurements about parameters which
can be used to optimize the sensor signal to noise. In particular, the superconducting
and normal states can tell us about the SQUID noise spectrum as well as values of
R, Ry, Ry, L as well as the effective temperatures Ty, T}, of the shunt and parasitic

resistances.

4.1 SQUID and Readout Noise

The readout noise includes everything from the SQUID to the warm electronics and
ADC. In practice, this is dominated by the SQUID noise. The power spectral density
(PSD) of the SQUID noise has been found to have the following form
A2
S1se@) = —% + Tho o (4.1)
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where the first term is due to flux noise in the SQUID and the second term is related
to Johnson Noise in shunt resistors within the SQUID chip [I74]. The units of Ay are
such that Ssg will have the correct units of A?/Hz.

This noise spectrum can be observed on phonon channels which do not have a TES
installed (i.e. Rypg = 00). It is not uncommon for this to be the case for some channels
in a given experimental run, as the number of available SQUID channels often exceeds
the number of actual readout channels on the device under test. Examples of such noise
spectra from UMN and NEXUS, each fit with are shown in Note that
these plots, and most of those shown in this chapter, are actually of \/m , with units
of A/v/Hz. The model was found to provide a reasonable fit to the noise below ~50
kHz. At higher frequencies, the noise is generally dominated by a forest of discrete noise
lines generated by the various components on the DCRC. In the UMN measurement
shown, there is also a broad resonance related to the limited amplifier bandwidth. In
any case, the phonon signal pulses come with characteristic rise times of ~10 pus and fall
times of ~1 ms, putting the frequency range of interest in 1-100 kHz, which is mostly
free from these effects. (Methods such as Optimal Filtering which can further de-weight

these noise contributions will be discussed later)

PA SQUID+Electronics Noise

10%

—— SQUID Noise
Fit: A=98 pA, a=0.96, C=5.77 pA

Noise [pA/rtHz]

2

g

Noise [pAJriHz]

=
2

/

10"
L Lo Lo ol L 10t 10° 10° 10 10°
10° 10° 10t 10° fHal freq [Hz]

Figure 4.1: Example of phonon readout noise with fit to SQUID noise model measured
at UMN (left) and NEXUS (right). The UMN measurement used CDMS II SQUIDs
which meet the stringent requirement of <5 pA/rtHz above 600 Hz. The NEXUS
measurement was done with a different SQUID design and resulted in somewhat higher
noise.
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4.2 Johnson Noise

Statistical fluctuations of the motion of electric charge in a conductor generates a voltage

noise across its terminals with a voltage PSD given by
Sy yn = 4kgTR (4.2)

where R is the resistance and T the temperature of the device. This was first observed
by Johnson [I75] and explained theoretically by Nyquist [176]. Note that this intrinsic
voltage noise is “white”, having no frequency dependence. Even though much of the
TES circuit involves m{2 resistances at mK temperatures, this inescapable noise source
can still be significant. The amount of this noise and how it couples to the measured

signal current depends on the TES state as described in the following sections.

4.3 Superconducting and Normal Noise

When the TES is superconducting, the Thevenin-equivalent circuit is just the shunt and
parasitic resistances, Ry, and R,, in series with the input coil, L. The current noise
through in this circuit is just due to the Johnson noise on those “passsive” resistors
(i.e. not the TES). The total passive Johnson voltage noise from the shunt and parasitic

resistances is thus
SV7PJN = 4kB(RshTsh + Z Rpr). (4.3)

Note that we can no longer simply lump Ry, and R, together into R;, as we did when
dealing with the pure circuit response because they each come with their own temper-
ature. The shunt resistor is a single component with single temperature, that of the
fridge stage where it is mounted. The parasitic resistance is a little trickier since it is
usually due to various wiring connections along the route from the SQUID (generally
at the 1K stage) to the TES (~10 mK). Tracking down the locations and intermediate
temperatures of all these contributions can be difficult, so often a single R, with an
effective T}, is used.

Now, this voltage noise is converted to current noise through the signal coil by the

total circuit impedance. In SC mode, this is Zgc = Ry, + R, + jwL and the current
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noise is then given by

4kB(RshTsh + Z Rpr)

S =9 Zsol* = 4.4
piNsc(w) = Svpin/|Zsc| (Rop + R))? + W22 (4.4)

We can rearrange terms a little bit to write this as
Span,sc =Ipnsco/(1+ (w/wrL sc)?) (4.5)

This makes it clear that we get white noise at low frequencies with a single pole roll-off
set by the total resistance and input coil inductance. Here we have defined Ipjn sco
as the DC current noise in superconducting state and wgrr sc as the superconducting

knee frequency given by

\/4kB (RshTsh + Z Rpr)
Rop + By (4.6)

Rgn, + Rp
WRLSC = — 7

IpjNnsco =

Of course, the readout noise is always present independent of the TES state. The total

observed noise is then the sum of these components

Ssc(w) = Sro(w) + Spin,sc(w) (4.7)

An example of fitting this to a SC channel in a Si HV detector in UMN R62 is shown
on the left side of Note that in this fit, there is an unexplained 1/f excess
not described by the model. Though it has a similar shape to the SQUID noise, it is
inconsistent with the SQUID noise magnitude measured on similar channels in the same
experimental run.

The normal state noise is the same as the superconducting but with the addition
of the TES normal resistance, Ry. This increases the total noise level and reduces the

frequency of the impedance pole. These effects give a normal PJN noise of

SpJNN = (II%JMN,O + I%JN,N,O)/(l + (w/wrL,N)?) (4.8)

where the passive Johnson noise DC level is now

\/4kB(RshTsh + Z Rpr)

Ipjn.No =
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Figure 4.2: Examples of fitting the superconducting (normal) state noise for an HV
detector. In the normal state (right) the PJN DC level is decreased and the pole
frequency is increased compared to the SC noise.

the TES Johnson noise DC level is
VakgRNT

I = 4.10
TJN,N,0 Ro + Ry + Ry ( )
and the circuit impedance pole frequency is
Rsn+ R, + Ry
wRL’N: s Lp (411)

We see that the normal state noise has the same functional form as the superconducting
noise. However, the additional resistance tends to decrease the current noise and increase
the pole frequency. This can be seen in the right side of

4.4 Transition State Noise

When the TES is in transition, the noise analysis becomes a bit more intricate. The
first reason is that the voltage fluctuations are no longer interacting with just a pas-
sive circuit, one must account for the feedback effects. There is also an additional
noise component from thermal fluctuation noise between the TES and substrate which
adds another frequency pole to the model. The analysis presented here follows some
techniques used in [154] [T40].
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4.4.1 Passive Johnson Noise (PJN) in Transition

As found in [Eq. 3.27] the circuit complex impedance is
Ry pB+2

Z(w)=R iwL + R 1 . 4.12
(w) = Ry, +iwL + o(5+)+1_$1+mj (4.12)

With this, the passive Johnson noise in transition becomes
Spn — Svipn  4kp(ReapTsn + ) RyT)p) (4.13)

z|> 1Z]?
So this component has a shape set by the complex admittance and an overall scale set
by the PJN voltage noise. This component is therefore subject to the same dangers
of interacting poles (77 and 7;) that we saw in Here, having the TES and
electrical time constants too close will cause a large response to the small Johnson
voltage noise. If the resonance is strong enough, this can become a dominant noise

source.

4.4.2 TES Johnson Noise in Transition

The TES Johnson noise also features while in transition. We have to be a bit more
careful here than with the passive resistances. The TES Johnson voltage doesn’t just
couple to the current via Z because it’s correlated with the TES power and the feedback

mechanism. In other words, we can’t simply read off the 61/6V relationship from our

81 (%
() (3

because now 0V across the TES is correlated with the d P term.

earlier result

Matt Pyle presented a nice argument to understand this in his thesis [I140], and we
use it here. Kirchoff’s Voltage Law applied to the Thevenin equivalent TES circuit with
a voltage noise 0V on the TES gives

dl
Vg + 6V = IgRgy, + LE + Ip Ry (4.15)

multiplying this expression through by another factor of Iy yields an expression for the

power in various parts of the circuit.

d LI?

I)Vp = I§ R, + - T (I2Ry — IpoV) (4.16)
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On the left side we have the power supplied to the circuit, on the right there is the shunt
Joule heating as well as the change in energy stored in the input coil. Finally, there
is the steady-state TES Joule heating as well as the effect of TES voltage fluctuations.
Here, we can see that a small TES voltage fluctuation is the same as a small (negative)
power fluctuation. On average, 6V is 0, but any current that comes through the TES
during a positive voltage fluctuation will come out the other side having higher than
average potential energy. This is the amount of Joule heating power which was not lost
in the TES, so this final term is the reduction in TES Joule heating power. In this way
we can identify it with the power term, 6P = —IdV.

Inserting this result into we obtain

of _ My My 1 2

(4.17)

v L C T z'7L
where the first term is just the complex admittance and the second is due to the power
coupling between TES and inductance. This expression now tells us how an intrinsic
fluctuation in the TES voltage couples to the signal current. In transition, the TES is
at Tp, so the TES voltage Johnson noise is Sy rjn = 4kpRoTp and the observed current

noise is
(LI
oV

2
StiNn = < > Sv,TJIN (4.18)

which works out to be

Sy - AknRoTy ( 1+ iwr >2
(R + Ro(B+1))? \ (1 — 2)(1 +iwry)(1 + iwry) + .Z(B + 2) Hore
(4.19)
It should be noted that a more careful analysis using more advanced techniques [154]
gives corrections of O(f3), but that is beyond the scope of this work.
From we see that this noise term is susceptible to the same resonances in Z
that we have seen elsewhere. The factor of . /7L increases the overall transfer function

amplitude a bit, but does not introduce any new poles to the expression.

4.4.3 TES Thermal Fluctuation Noise

Now that the TES is in transition, it is sensitive to thermal fluctuations, which is

exactly why we put it in there in the first place! However, doing so brings in another
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noise source, that of thermal fluctuations across the thermal link between the TES and
bath (crystal). In this section we again refer to previous works that have guided the
following derivations [140), [I77]. Generally, we will see how temperature fluctuations are
related to power fluctuations in the TES, then calculate the magnitude of those thermal
fluctuations in terms of intrinsic properties of the TES and use that to determine the
noise spectrum observed in our output signal.

We start by considering the canonical ensemble of a body (TES) with heat capacity
C' and temperature T connected to a bath (crystal substrate) at temperature Tpqp by
a thermal link having conductivity coefficient G. These quantities will be related to a
random power fluctuation 0 P(t) by the power balancing equation
drl

Cr = =G(T = Tyam) + 6P(1) (4.20)

We can solve this in the Fourier domain to obtain the linear frequency relation between
power and thermal fluctuations in the TES

0P(w)

T = Gt wn

(4.21)

where 7 = C'/G is the usual natural thermal time constant for cooling of the TES. The

power and temperature PSDs thus scale as

Ssp(w)

Ssr(w) = (1 + w22 (4.22)

At low frequencies, 6 P =~ G0T as expected. But at frequencies above 7, the temperature
does not have time to respond to changes in power and 07 =~ 0. Now, we expect
the power fluctuations into the TES are from random thermal fluctuations and are

uncorrelated at time scales of interest (i.e. &(7)), or, explicitly
< 6P(t)SP(t+t') >= 6P 6(t) (4.23)

We can use the Wiener-Khintchine relations to connect the auto-correlation function

Cy(t), of a quantity = to the spectral density S, (w):
Co(t) =< z(t)x(t' +t) >= / Sz (w)cos(wt)dw (4.24)

/ Cy(t)cos(wt)dt (4.25)
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This gives us Ssp = 5P02, i.e. a “white” spectrum of power fluctuations. We then relate
the power fluctuations to intrinsic energy fluctuations in the system as

Ssp

2 2
Sse(w) = C*Ssr(w) =7 AT o2

(4.26)

Now, we can use a little thermodynamics to relate this to the fluctuations of energy in
the system. Using the canonical partition function, we can calculate the variance of the
energy in the TES as
oip = (B%) —(E)?
B 0 Z Eie_’B Ei
AL
0
=-—<E> (4.27)
op
T2 0< E >

=k oT

= 02y = CkpT?

The variance is just the integral over spectral density. So we can now integrate over

[Eq. 4:26) and solve for Ssp,
dw
7t = [ o San)
S dw
2 _ T 5P7{ (4.28)
Cks 27 (1+w?72)
= 2GkpT? = Ssp

where the integral can be solved via contour integration over either the upper or lower
half-plane. There’s one slight detail here that we have been able to gloss over before.
When we are talking about spectral densities, we have always been implicitly dealing
with one-sided PSDs. A full spectral density of some quantity, Sx (w), is really defined
over all positive and negative frequencies. But when dealing with fluctuations which are
real-valued in the time domain (which is always the case for the physical quantities we
are talking about), then Sx(w) = Sx(—w) and people often work with the one-sided or
folded spectral density, which is defined only for w > 0 and which is really

Sx(Jw]) = Sx(w) + Sx(—w) = 2Sx(w) (4.29)
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Confusingly, these are often represented by the same symbol, as we have done here.
The upshot is that we have been secretly making sure this factor of 2 was present
elsewhere, but now we need to explicitly account for it. Doing so gives us the result

that the power noise spectrum due to thermal fluctuation noise is
Sprrn = 4GkpT*Frry (4.30)

where we have (seemingly out of nowhere) added another factor, Frpy. This unitless,
O(1) factor is commonly added to correct for some hidden assumptions made in the
above derivation. When exercising our thermodynamics skills, we were doing things that
work under the assumption that the TES and bath were in thermal equilibrium. This
is certainly not the case during normal TES operation in which the TES is kept at its
transition temperature, above Tyq,. Frpn is inserted to correct for this. Its theoretical
value has been calculated in cases where the mean free path of energy carriers is both
larger [I78] and smaller than [I79] the thermal link length. For our purposes, we will
proceed in the ideal limit of Tp4, — 0, where G — nlgRo/To and Frpy — 1/2 [180].
For n=>5 (electron-phonon coupling) this gives Sprpy — 10kpT 0I§R0. Finally, we want

to couple this power noise to our measured value, the signal current. We again make
use of for the coupling term and obtain

dl

2
STFN = (dP) SP,TFN

M2
_ 1,2 2
—( - ) 10kpToIyRo (4.31)

10ksTy Ry & ?
(Rr+ Ro(B+1))* \ (1 = 2)(1 +iwre) (1 + iwrr) + 2 L(8 + 2)

4.4.4 Total Transition State Noise

One may notice that the above sources of transition state noise all have similar functional

forms. In particular, they share that same messy denominator that comes from the
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factor of |M]| in all terms of M ~!. Here, we collect the compact forms of these terms.

2
My 1+ w?r2)dkp Y. TiR;
SpN = ( 2’1 > 4kp ZTiRi = (L+wr)dkp ), TR i € {shunt, parasitic}

(IM|Lp)?
S Ml_,ll I Ml_,Ql 24]{2 TR 1 2 (1 +W27'2)4]€BT0R0
EEE N N G PR T 12 (IM| L)
2
My, 2 \?10kpToRo
SrrN = = | 10kpToRoIE =
o ( c > pe (1 —f) (IML7)?
(4.32)
and we can also explicitly state
R 57 2
IMP? = (r7700) 2 (1 + iwrr) (1 + dwre) + —7e! (B +2)] (4.33)
L 1-Z
The total noise in transition state is the sum of the spectral densities
Stot = SpyN + STin + STEN + Ss@ (4.34)

where Sgg is the ever present SQUID readout noise. The shapes of these various noise
contributions have been plotted for a model device in The |M|? term in the
denominator drives the high frequency roll-off of all terms and any resonance if the 7
and 77 poles interact. The TES Johnson noise also depends on the natural thermal time
constant, 7 = C'/G. This plot shows a model of a typical, well designed system where
the thermal fluctuation noise is dominant in the frequency range of interest (generally
0.1-100 kHz). At higher or lower frequencies, the SQUID readout noise is the limiting
factor.

Now, despite the amount of effort and interest that has been paid to the problem
of understanding noise levels in TESs, there are actually still significant unexplained
discrepancies observed between theory and experimentally measured noise [154]. An
example of this can be seen in which is taken from a recent dedicated study of
noise in a sample of TES geometries [I81]. While such excesses are still unexplained,
several sources have been excluded including; more complex thermal geometries involv-
ing extra heat capacities and conductances (extra Cs and Gs), environmental noise

from electronics, and particle interactions with the TES. Pointing out this failure of



87

Transition Moise
10°

10 m

107

Moise [pA/riHz]

—— PN
_ TIN

1071

— TN 2mT 2nfT

— SOUID

Total e

1072 T T T T T T T
10t 107 108 iy 10 100 107 108 10*
f[Hz]

Figure 4.3: Model of total transition noise. In a well designed system, the thermal
fluctuation noise is dominant in the signal frequency range, while readout electronics
noise dominates at both lower and higher frequencies. Note that here we are plotting
what’s properly called the amplitude spectral density, 1/S7, which has units of A /rtHz.

our understanding is not meant as a criticism of the models developed above, rather an
indication that understanding fundamental TES noise is still an active and interesting

area of research in the community!

4.5 PJN studies at UMN

Even though a complete understanding of TES noise sources is still a work in progress,
we can still use the models of known sources to improve detector performance. In this
section, we discuss the passive Johnson noise (PJN) in particular and show how it was

improved at UMN.

4.5.1 Measuring PJN Contribution

Now, the models do provide good fits do data when the TES is SC or Normal, i.e. when
there’s no complicated feedback mechanism. As we saw above, then PJN is the only
fundamental noise source. There is also, of course SQUID readout noise, but separate,
dedicated measurements of this allow it to be accounted for. When the detector is in

transition, the fundamental PJN voltage noise source is still present. The only difference
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Figure 4.4: Comparison of model and measured TES noise. Measured noise data (black

solid) is seen to exceed the noise model (purple dotted) even when correcting for corre-
lated electronics noise (orange solid). Taken from [I8T].

is the circuit impedance through which it is converted to a current signal. This provides a
way to scale the measured SC noise to estimate the PJN contribution when in transition.

In particular, the DC noise levels are related as

_ 2
Spina(w=0)=Spsnsc(w=0) <Zégif(§zu;(?))> : (4.35)

where the Z values can be obtained by analyzing complex impedance or I, — I char-

acterization curves. It’s informative to consider the ideal limit of large loop gain where
we find
Zsc 1
71 |yogono 1 - Ro/Rs
So for the PJN to be suppressed in transition, we want Ry > Rj. As described below,
this turned out to be an issue in the setup at UMN.
In fridge run 62 at UMN (R62), we operated a SNOLAB HV Si prototype detec-
tor. The TESs on this device had Tx=65-80 mK and Ry=75-93 m). In addition,

(4.36)

the SQUID chips that were used were of the same type used in SuperCDMS Soudan,
which had 20 m{) shunt resistors integrated onto the SQUID chips. With the benefit
of hindsight, this is expected to give ratios of |Zgc/Z| 2 1, causing a significant PJN

contribution in transition.
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To investigate this effect, noise data was acquired at several different points in tran-
sition. At each point, the DC impedance was obtained from the slope of the I, — I
curve as indicated in Each point was labeled by the quantity denoted Ib x Pre,
which is inversely proportional to the TES sensitivity to input energy. (It is just the
first term of . Zgc can be measured from the slope of the superconducting

portion of the Iy — I; curve.
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Figure 4.5: Example I, — I, curve with several fitted slopes from UMN R62. A steep
slope corresponds to a more sensitive region of the detector, but also couples PJN more
strongly to the output signal.

The resulting impedance and ratios are shown in Channel E was selected
for this study, it had a measured SC impedance of Zgo = 31.1 mf2. The transition
impedance is effectively negative due to ETF. We see here that the steeper portion of
the I, — I curve corresponds with a lower impedance. This means that, while the TES
is more sensitive in these regions, the PJN will also be coupled more strongly to the

output signal.

Ibx Pre [pA] || Z [mQ] | Zsc/Z|pc
30 -17.4 —1.79 4+ 0.27
25 -14.7 —2.12+0.41
20 -11.3 —2.75+0.39
15 -8.81 —3.54 +0.61

Table 4.1: Measured DC impedance ratios in R62.

The impedance ratios were then used to scale SC noise to the expected level in

transition. These values were then inserted into a full noise model which was used to
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fit the observed noise spectra. While there are other issues involved in decorrelating
the relative weights of the other noise sources, this model could at least be used to
estimate the contribution of PJN to the total noise. |Fig. 4.6 shows these fits of the
total transition state noise obtained by using the above scaling relation to fix the PJN
contribution. The various other parameters were allowed to float within reasonable
physical ranges in the fits. The total noise fit is shown in red, while the range of scaled
PJN noise is shown in green. The width of the PJN range is dominated by uncertainties
in I — I slopes. The bias point, as indicated by the Ib x Pre value, is correlated with

the inferred PJN contribution at different points in the transition region.
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Figure 4.6: Fitted PJN contributions to R62 noise PSDs at OV.

In all cases, it is clear that the passive Johnson noise was the dominant noise source.
Additionally, the DC noise level grew at points lower in the transition (lower Ib x Pre)
at a rate similar to that of the SC/Norm scaling ratios as would be expected for PJN.
This showed that the electronics noise was dominated by the thermal noise in the shunt
and/or parasitic resistances. Note that this was the dominant noise source when the

detector is at low bias voltages, < 10 V. As described later, charge leakage effects in the
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crystal eventually also contribute significantly to detector noise at high biases.

4.5.2 Improving PJN

As described above, the existing cold electronics chain were poorly matched to the Si HV
detector’s relatively low normal resistances, so the existing PJN voltage noise was not
suppressed in transition. One way to address this was to reduce the Johnson noise by
lowering Rgp. The nominal value used in SuperCDMS was 20 mf2, although production
testing revealed these values could be as much as 40% higher. It was discovered that,
although the shunt resistor was integrated onto the SQUID chips they actually had
several available configurations of on-chip shunt resistances that could be changed with
different wirebonding configurations. In particular, the 20 m2 was achieved with a
pair of 10 m{2 resistors in series. Adjusting the wirebond paths to put them in parallel
allowed us to use a lower shunt resistance of 6.7 m¢2.

The results of this on the SC noise can be seen in the noise PSD in where
the shunt resistance was decreased in R66. The data shown here is now from a Ge HV
detector tested around the same time as the Si HV described above and which suffered
similar PJN noise issues. As described in[Eq. 4.6} the shunt resistance contributes to the
Johnson voltage noise (numerator), so decreasing it will decrease the signal in transition.
However, when observed in SC mode, the total circuit impedance is also decreased, so
the SC noise increased, as expected. Additionally, the pole frequency was observed to
decrease just as expected in R66 since frr, = (Rsn + Rp)/L. The difference in noise
above 100 kHz was due to warm readout electronics and is well above the signal range
for phonon pulses.

The real target of this improvement, however, was the detector’s baseline energy
resolution, which was reduced by a factor of 2/2-¢Yee — (.53, This was actually slightly

518 eVee
better than the theoretical improvement of \/ R, re6/Rsh,re1 = 0.57, which would be

the case for R, = 0. Variations from this are not unexpected due to factors like slight

differences in fridge operating temperatures between the runs.
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Figure 4.7: Effect of R, reduction on SC noise. R61 used R, = 20 m{2 while R66 used
Ry, = 6.7 mS). The SC noise level increases for lower Ry, as expected but the noise
level in transition will be decreased due to the decrease in PJN voltage noise.

4.5.3 PJN Noise Model Parameters

To fully understand this noise signal, we need a model for where the parasitic resistances
are located and what their temperatures are. The most likely parasitic resistance culprits
in this setup were the Al wirebonds and the Mill-Max pin-socket connections. The
diagram in shows these connections and the temperature stages at which they
are located. The components that contribute to PJN noise are those located in the
same loop as the TES and Ryy,.

Note that the detector and SQUID temperatures are ideally below the Al super-
conducting temperature of 1.2 K, so the wire bonds should have 0 resistance and not
contribute to the Johnson noise, but this may not be the case if parts of the fridge
are not as cold as designed. From this model, the dominant parasitic PJN contributor
should be the Mill-Max pins connecting the SQUET card to the tower bottom, which
is nominally at the LHe temperature of 4.2 K. Combining all of these gives expressions

for the total parasitic resistance on each branch

Rp,shunt = Rbond

(4.37)
Ry 1Es =6 X Rpin, + 1 X Rpond(QTsQuip) + 2 X Rpond(QT 4et)
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Figure 4.8: Diagram of the various components and thermal stages of the SuperCDMS
phonon circuit. Taken from [I82].

where we have assumed that all wirebonds have resistance, Rpo,g, unless they are
cold enough to be SC, and each Mill-Max pin connection has resistance Rp;,. Using
these parameters and the assumed exact values of the shunt resistors, one can model
the PJN using the above equation with the free parameters being Ryond, f2pin, and the
fridge temperatures at the SQUET card and SQUID chip.

To fit the model, we used measured noise levels for a variety of Ry, (including one
channel with it purposefully shorted) and detector temperatures. This variety allowed
some of the degeneracy in noise contributions to be broken. These data were fit to the
above noise model with 4 free parameters: Ryond, Rpin, Tsqouip, and Tsquer. The

detector temperature was fixed at the measured values. The results of a best fit to the

data points is shown in
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H Ry, (M) Tyer (mK) Channel Ipjno,sc (pA/rtHz) H
20 32 S1PA,PB,PC,PE,PF 45.0 £ 0.9
6.67 99 S1PA-PF 65.1+2.9
6.67 22 S1PE 68.7 1.3
0 22 S2PB 78.3+1.3

Table 4.2: Measured average noise levels with various shunt resistances and tower tem-
peratures.

H Parameter Best Fit H

Ryond 0.05 m$?
Ryn  1.88 mf
Tsouip 139 K
TSQUET 3.97 K

Table 4.3: Fitted parasitic resistance contributions and component temperatures.

This analysis indicated that the SQUID card actually runs hotter than the Al tran-
sition temperature, so the wire bonds there are not superconducting and do contribute
slightly to the parasitic resistance. Without going into details, this was not entirely
surprising based on how the SQUID card is heatsunk in the K100 fridge setup and is
consistent with thermometer readings elsewhere in the fridge. These results indicate

that the parasitic resistances an each branch were,

Ry, shunt = Rpond = 0.05 m£)

(4.38)

Ry 1Es =6 X Ryin + 1 X Ryopg = 11.33 mQ
These values are also consistent with those obtained via analysis of I, — I curves,
which supports the validity of the model. The takeaway here is that the dominant
electronics noise source in the phonon circuit comes from the Passive Johnson noise
of resistive components in the TES loop. The dominant culprit is the Mill-Max pin
connection between the SQUET board and the bottom of the tower at 4 K. This design
is not ideal from a noise perspective, part of the TES loop comes back to 4K between

the SQUID and TES.

This wasn’t an issue with earlier generations of detectors, but with the new, more
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sensitive devices, it must be addressed. Unfortunately there are no clear easy fixes with-
out significant redesign of the cold hardware and electronics. Such designs (currently
underway) will incorporate this knowledge by removing such “warm” connections within
the TES loop. Further, they will include heatsinking of the SQUID boards at colder
temperature stages of the fridge to further minimize PJN contributions from the shunt

resistance.

4.6 HYV Noise

All of the noise contributions discussed above are due to the design of the phonon
measurement and readout system. These sources are present in both iZIP and HV
detectors and are the primary source of noise at low bias voltages. As the detector
bias voltage is increased, these contributions remain unchanged, however a new source
of noise begins to rear its head. This is especially a problem for HV detectors and is
perhaps the largest unsolved technical detector issue moving into the SNOLAB era.

This section describes efforts to understand and mitigate this effect at UMN.

4.6.1 Properties

The CDMSlite experiment [I18] was the first to use high bias voltages to exploit the
amplification of the NTL phonon signal. However, it was quickly discovered that phonon
baseline noise increased dramatically when = 10 V were applied to the detectors. The
optimization between NTL gain and increased noise was found to be at 60-70 V, but
varied depending on the particular detector and polarity. Since that time, the same
type of noise has been observed in many SuperCDMS detectors to varying degrees.

An example of such measurements made with a Si HV device tested at UMN can
be seen in Here, the baseline phonon noise width has been characterized by
applying the Optimal Filter algorithm to randomly triggered pulse-less traces. Also
clear is the polarity asymmetry of this noise, which has been observed in other devices,
both Si and Ge.

The manner in which this noise is distributed in frequency provides compelling
evidence as to its origin. A clear example of this is shown in [Fig. 4.10] which shows

the phonon noise PSDs for a Si prototype detector operated at Berkeley. There we
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Figure 4.9: Phonon baseline noise as a function of applied bias voltage in a Si HV
detector in UMN R68. The red lines show how electronics noise present at 0 V is
expected to be constant. The two lines represent two different data sets and indicate
the relative uncertainty observed in such measurements due to other stability factors.

see that the additional noise comes in at low frequencies and rolls off with a constant
characteristic frequency.

This shape is well explained by a Poisson leakage of single charges across the crystal.
They produce bursts of phonon energy which are so small and so frequently that the
individual pulses are not observed but their aggregate spectrum is unmistakable. We
can understand this shape theoretically as the result of “shot noise” which has been
studied since the very early days of radiation counting experiments [I83]. If we assume
that single charges move across the crystal at uncorrelated times t1,to,.... An NTL

phonon power is produced in the detector as
P(t) = 6V((5(t1) + 5(t2) + ) (4_39)

where e is the electron charge and V is the bias voltage. Calculating the PSD of this
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signal over a trace length 1" which contains IV such charge signals yields

Sp =|P(w)I”

= lim \%/OT P(t)e ™'t
~ lim 2N 212

T—00 T
= 2el)eq V>

2

(4.40)

where in the second line we have used the truncated Fourier transform to consider a
trace of finite length and the factor of 2 is because we want the 1-sided PSD. In the
final line we have also defined an average leakage current of Ijeqr = limp_oo Ne/T. So
the phonon power noise from single charges drifting across the detector is expected to
be white. But we need to propagate this signal into our TES and see how it manifests
in the signal current. To do so, we approximate the TES impulse response to first order
as an exponential with fall time 7. In we saw this is not a bad model with
7f = 7—. This can also be simply measured in larger energy pulses and is typically ~1

ms. In this case, the transfer function from phonon power to signal current is

dl dl 1

@ - - 441
dP Jroe dP|,_o 1+ iwTs ( )

where C%ID ‘w:O is the DC TES response which depends on TES operating point. We have
also included a necessary factor of phonon collection efficiency, fpcr which accounts
for the fact that only a small fraction, ~10%, of phonon energy in the crystal actually
ends up in the TES system. With this, the leakage noise signal will manifest in the TES

current as ) )
dI ‘ 2el}eqiV?

dpP

= fPcr (4.42)

So we find that the HV noise is white with a high frequency roll off set by the pulse
fall time. This is not surprising, as this noise produces the same signal as many tiny
events that are constantly occurring. This also, unfortunately, means that the noise
looks exactly like real events, so we can’t hope to just filter it as we can with other noise
sources.

A set of fits to this model are shown in for a Ge HV detector operated in
UMN R61. These show that the shot noise leakage model provides a good fit to the
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Figure 4.10: Phonon noise spectrum as function of bias voltage in detector S12C at
Berkeley. The noise spectrum was observed to increase below 1 kHz at high bias voltages.
Figure produced by Bill Page.

observed noise spectra, consistent with a flow of single carriers through the detector.
There are still several open possibilities for the ultimate cause of this effect including
leakage of carriers through the electrode-crystal interface or induced e/h pair creating

in the crystal bulk.

R61, Ge HV noise, Channel E
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Figure 4.11: Phonon noise spectra as function of bias voltage in a Ge HV detector at
UMN. Left: Noise is observed to increase with bias voltage. Black dashed lines indicate
fits of excess noise to the shot noise model. Right: Prebiasing for several minutes has
been shown to decrease the noise level.

The right side of shows another interesting feature of this noise. That is the
observation that the HV noise level can be reduced when “prebiasing” the detector by
first applying a slightly higher voltage for around 5 min, then reducing the bias to the

nominal level to take data. Some attempts have been made to describe this behavior as
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the result of removing charges trapped in impurity sites in the crystal bulk [I84]. The
idea behind this is that such trapped charges would be only loosely bound at the nominal
voltage and are occasionally coming loose to cause the noise. The argument then goes
that prebiasing pulls these charges out, clearing shallow traps so that the remaining
trapped charges are held tightly in deeper trapping potentials. Unfortunately models
like this can not completely explain the remaining leakage levels or why the leakage
usually remains relatively constant with time. Additionally, more recent observations
carried out in HVeV devices have shown that much of this leakage is quantized, i.e. that
the signals are from a single carrier moving through the full detector thickness, or an e/h
pair produced in the bulk and both moving all the way to the electrodes. By contrast,
the trap model would only result in a fractional signal since the freed electron would

drift, but the trapping sites themselves are not mobile.

4.6.2 Contact-Free Electrodes

A common feature of the observed leakage has been an asymmetry with respect to
bias voltage polarity. This hints at an asymmetry in leakage properties of different
charge carriers. One theory is that carriers are being injected through the semiconduc-
tor/metal interfaces. If the leakage is occurring because carriers tunnel from the metallic
electrode(s) and into the crystal, then removing contact between electrode and crystal
surfaces would prevent such behavior. This has been tested with the use of biasing
electrodes with a vacuum gap [I85]. This study indicated that the dominant leakage is
due to holes entering the crystal through an amorphous-Si blocking layer between the
metallic electrode and semiconductor crystal. The use of such contact-free electrodes is
a possible solution to the HV leakage problem, but it comes with several disadvantages.

The first is that carriers produced in the crystal in normal particle interaction events
are usually drifted across the crystal and enter the electrodes where they are taken away
by the power supply (really they meet an image charge provided by the supply). But,
when such a vacuum electrode is used, the carriers moving to that side are not taken
up, and so accumulate at the crystal face. As long as the detector remains biased, a
surface charge builds up at this face and generates a counter-bias field, which lowers
the effective electric field in the crystal bulk. This effect is seen and discussed in some

of the work presented in If the rate of accumulation is high enough, the counter
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bias will cause the detector response to change with time as the NTL gain and charge
collection efficiency are be reduced. This can either be accommodated by increasing
the applied bias voltage over time to compensate and/or periodically grounding and
resetting the detector. Another issue is that the contact-free face of the device can no
longer be instrumented with phonon channels (though the biasing electrode can be used
to measure charge signals). This reduces the total phonon collection efficiency of the

device, hurting the low energy sensitivity.

4.6.3 Ongoing Studies

The precise origin of the HV leakage is still under investigation by CDMS and other
groups [186]. Several avenues to understand and mitigate this effect are being worked on.
One theory is that there are long-lived states in the crystal that are populated by high-
energy events (such as cosmic rays) which then decay and release e/h pairs stochastically.
This will be tested by comparing leakage rates in the same device operated above and
below ground, such as at the NEXUS or CUTE locations. Similarly, there may be some
long-lived fluorescing states in some material near the detectors (e.g. Cirlex clamps which
hold the crystal or fiberglass PCB boards) which radiate low energy (sub-bandgap)
photons at the crystal. These could cause a slow release of carriers from shallow impurity
states. This possibility is discussed further in the context of HVeV studies at NEXUS
in The total amount of leakage is reduced in these small devices to the point
that individual e/h pairs can be resolved. This allows further insight into the nature
and origins of this mysterious noise source.

There are also ongoing efforts to counter this effect via; the use of contact-free
electrodes with large HV detectors, the effect of initial HV over-biasing and other op-
erational techniques on leakage noise, and alternative blocking layer recipes to replace
the amorphous Si used between the metallic electrodes and crystal. With such concen-
trated work, we are optimistic that the HV leakage issues will soon be understood and
overcome. In principle, this can allow single e/h resolution even in our large (~1 kg)

detectors and unprecedented sensitivity to DM interactions.



Chapter 5

Event Position Reconstruction

It is important to properly reconstruct the location at which an event occurs in the
detector. Omne reason is that, in general, the detector energy response has some de-
pendence on event location. This is because of both surface effects which change the
amounts of charge and phonons produced and electric field nonuniformities which affect
the phonon energy produced. Another reason is that the event location can be used to
veto undesirable background signals. In particular, low energy photons can only pene-
trate into the outer few mm of the crystal, so a well-defined fiducial volume can exclude
a large fraction of the background signals.

It is thus essential to understand how to reconstruct not just the energy, but the
position, (r, 0, z), of individual events based on the measured signals. This chapter de-
scribes several ways this has been studied. The first section discusses exploration of
HV detectors where we used known event position distributions to infer the mapping
from physical location to measured signals. The second section describes the develop-
ment and testing of a novel cryogenic motorized system to accurately move a calibration

source for position calibration.

5.1 HYV Detectors

HV detectors will form a significant part of the SNOLAB detector payload. UMN was
the first to operate prototypes of the SNOLAB HV detectors in the fall of 2016. At
SNOLAB, the HV detectors will be symmetrically biased and all 12 channels will be read

101
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out but this requires dedicated cold electronics that were not available at the time. This
left us with 2 readout modes; 0 V with all 12 channels available for read out, or 1-sided
HV with only the 6 channels on the unbiased face operating. The studies presented
below were carried out with 1-sided HV biasing and thus only make use of phonon
signals from one side of the device. This arrangement is the same as that employed
in CDMSlite. Regardless, we can still make considerable progress in this way. All the
insights gained will be applicable for a detector with full readout. We expect nominal
accuracy gains for the radial and angular position reconstruction by averaging such
measurements from both sides. As described below, accurate z-position measurements
will certainly require full readout as well.

One practical difficulty was that all the detector signal and bias wiring was fed
out through three 50-pin connectors, with lines from both sides of the detector present
in each connector. A printed circuit board was designed and fabricated to act as an
adapter between the 3 detector cables, DCRCs, and an HV power supply, breaking out
the 150 lines to DCRCs and the HV bias network. More details of this work can be
found in

The layout of the SNOLAB HV phonon channels is shown in Each diagram
represents the arrangement of channels on one face of the detector. The orange letter
labels in parentheses indicate the channel names used in this work. To distinguish
between sides, we will use a naming convention such that e.g. PAS1 indicates Phonon
channel A on Side 1. This device only has phonon channels, so the “P” is not so
informative, but the same system is used on iZIP devices where there are also charge,
“Q”, channels. Also shown in the figure are the positions of detector interface boards
(DIBs). These are small circuit boards which connect the on-detector sensors to external
electronics via wirebonds.

The particular design choices for the channel geometry are beyond the scope of
this work, but the general goal was to maintain sensitivity to both radial and angular
position information. Such detailed design drivers can be found in [I71]. The rough
idea was for the radial information to be captured by the relative phonon signals (both
arrival time and energy) observed in PA and PB compared to PF. The positions of the
DIBs and crystal flats in this diagram show that the inner ring channels (PC, PD, PE)

on the two faces are offset from each other so as to provide complementary angular
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Figure 5.1: Diagram of SNOLAB HV channel layout. Green “TES” labels are only used
for fabrication. Orange letter labels in parentheses are the channel names used in this
work. DIB positions are also shown.

sensitivity. Finally, comparison of signals on the two sides also allow some sensitivity

to vertical (z axis) position.

5.1.1 (r, ¢) Estimation
Angle

Two different types of angular position parameters were constructed based on the de-
tector channel map. The first type was constructed based on the relative amplitude of
phonon pulses in the side 1 inner ring (PCS1, PDS1, PES1) channels. This was de-
signed by assigning each channel a unit vector from the detector center and calculating
the projection of that vector into x and y directions. Here, we have defined x to be
towards the center of PES1 and y to be orthogonal and in the direction of PCS1. Then,
for a given event, each channel will contribute a weight equal to its amplitude measured
using the OF algorithm described in[Appendix E| For compactness, we will denote this
by e.g. OF(PAS1). The resulting quantities will be called side 1 x and y partitions
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and are defined as
OF(PES1) — (OF(PCS1)+ OF(PDS1)) cos(60°)
OF(PCS1)+ OF(PDS1)+ OF(PEST)
OF(PCS1) — OF(PDS1)
OF(PCS1)+ OF(PDS1)+ OF(PES1)

prpartlOF =
(5.1)

pypartlOF = sin(60°)

Note that each quantity is normalized by the sum of individual amplitudes. This gives
a natural range of the partitions from (-1,1), and makes them invariant to event energy
for a detector with linear energy response.

For comparison, we constructed timing-delay based quantities using the relative start
times of pulses as measured using the Rise Time Fall Time walk (RTFT) algorithm [142].
Briefly, the RTF'T algorithm takes a pulse trace, smooths it with a low-pass Butterworth
filter, and finds the trace maximum. It then “walks” down the rising and falling edges of
the trace to locate the time at which various rise and fall percentages are reached. For
example, in the parameter considered here, we use the 30% rise time of the pulse, i.e. the
point at which the pulse first reaches 30% of its maximum amplitude. For simplicity, we
will denote this calculation with the function W Kr30, such that e.g. WKr30(PAS1)
will represent the 30% rise time of channel PASI in units of us. We define the delay
quantities somewhat like the OF partitions above, except we do not normalize and the
signs are flipped because we expect large amplitudes and early rise times to correspond
with events near the channel. Because they are not normalized, these quantities have
units of time and typically lie in the (-100,100) us range. They are weakly dependent
on event energy, to the extent that pulse shapes saturate and change shape somewhat

at higher energies.

prdelWK = (WKr30(PCS1) + WKr30(PDS1)) cos(60°) — WKr30(PES1)
pydelWK = (WKr30(PDS1) — WKr30(PCS1)) sin(60°)

In the upper plots of we show the distribution of (z,y) quantities defined
above using a set of data with 45 V bias. Note that the three channel geometry from
which the quantities are derived is apparent in both plots. However, the timing-based
quantities (left) generally give a smoother distribution. There have been only a few basic
quality cuts placed on the data including a high baseline cut to remove muon tails, a
saturation cut to remove any traces which exceeded the ADC range, and a threshold

cut to ignore traces which triggered on noise. The lower plots have one additional
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cut to select only events in the Ge K-shell activation line at 10 keV. This subset will
be useful for reconstructing event positions because we know that it should be from

events uniformly distributed in the detector volume. (This uniform assumption will be

explored further in [Sec. 5.1.3))
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Figure 5.2: (z,y) distributions from timing and amplitude of HV inner ring channels.
Top: All events above threshold. Bottom: Only 10 keV events.

We can extract an angular position parameter, é, of the 10 keV events from the
(z,y) parameters above. We define § = 0 as the center of PES1 with § measured anti-
clockwise. The normalized measured probability distribution functions (PDF) of these
parameters are shown in the left side of Also shown is the expected PDF of
angle for a distribution of events uniformly distributed in the detector. We see that the

timing-based angle is already somewhat uniform while the OF-based angle reconstructs
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many events to be nearby the channel centers.
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Figure 5.3: Left: Probability distribution of angular parameters. Right: Fitted CDF's
of angular parameters.

The right side of shows the measured cumulative distribution functions
(CDFs) of the same parameters. They have each been approximated with Piecewise
Cubic Hermite Interpolating Polynomials (PCHIPs) which use monotonic cubic splines
to fit the data [I87]. We will use this to make a transformation of the measured angular
parameters so that their distributions are consistent with the uniform expectation. We
make the assumption that the 6 estimates, é, are (on average) ordered monotonically.
Then we can map to the true angle, 6, by matching the value of the CDFs. It works
out to be the case that the mapping function f : 6 — 0 is

f() = CDE,;(CDF;(h)) (5.3)

where C'DFy and CDFj are the true and measured CDFs of 6 and 0 respectively. Now,

we know that a uniform distribution gives

0+m
DFy = — 4
CDFy 5 0e|-mm) (5.4)
which yields
f(0) = n(2CDF;(0) — 1) (5.5)

We then use the spline fits as analytic estimates of C'DFj and can plot the resulting PDF
of the transformed angular quantities as shown in Both of the distributions are
now more uniform than earlier, especially the OF-based quantity. This indicates that
we have a measure of event angle that is reasonably consistent with expectations, with

the delay-based quantity giving the most uniform results.
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Figure 5.4: PDF of transformed parameters. Error bars show statistical uncertainties.

One simple improvement would be to repeat the above steps but with higher statis-
tics in the 10 keV peak. There are also some edge effects apparent in the first few bins
of the delay-based quantity. This would likely be alleviated by repeating this with the
CDF measured from a different starting angle and averaging the two results. One could
also repeat another iteration of the same CDF-matching procedure, now starting with
the transformed angular values. Finally it would be interesting to try this with events
from other neutron activation lines. Unfortunately, the next line at 1 keV was close to
the threshold in this dataset and the measured distribution was thus affected by trigger

efficiency issues.

Radius

Reconstruction of the event radius is important because events near the crystal surface
at high radius will experience not only charge quenching surface effects but are the most
likely to have their phonon signal distorted due to bias field non-uniformity.

We again explore the use of both timing and amplitude quantities to develop a good
radial parameter. For such things, we also make use of the axially symmetric channels,
PA, PB, and PF. Unfortunately, the noise in PA was prohibitively high in the UMN
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R62 data used for these studies. However, PB has similar geometry and is expected to
give reasonable results. Thus, using similar forms to those of the angular parameters,

we define the following radial parameters

OF(PBS1) — OF(PFS1)
OF(PBS1) + OF(PFS1) (5.6)

pRAelW K30 = WKr30(PFS1) — WKr30(PBS1)

pRpartOF =

We also consider the radial information contained in the inner ring channels. We

make use of the total magnitude of the quantities used before as
pRAelW K30zy* = prdelW K30* + pydelW K 307
pROFzy* = prpartOF? + pypartOF? (&)

Fig. 5.5 shows each of these as a function of energy. The 10 keV activation line is
prominent in each. In the upper right plot there is a hint that the parameter folds back
upon itself at high radius because the activation line seems to curl back to low energies
near pRpartOF=0.5.

This is explored further in|Fig. 5.6, which shows the various radial parameters plotted
against each other. Here we are again only considering the 10 keV events, which should
have a uniform distribution in the crystal. This makes it clear that the individual
quantities each fold back at high radius. However, they do so in different ways, so that
the combination of two of them breaks the degeneracy. This is particularly clear in the
second row. The third row, which uses pROFxy has some visible structure with three
bands that are slightly different. This is an artifact of in imbalance in the amplitude
calibration amongst the inner ring channels. It is the same reason the triangles in the
right plots of are slightly crooked.

For the next step, we select the combination of pRdelWK30xy and pRdelWK30
(middle left plot of because they seem to separate the fold-back region well.
This is in contrast to the combination of pRpartOF and pRdelWK30 (upper left plot)
which has a simpler shape, but for which signals from multiple radii may reconstruct to
the same point in the distribution. For example, at values of pRdel WK30 = 25 us, there
are two distinct populations, with some events at high radius around pRdel WK30xy =

30 ps and another group, presumably at lower radius, found near pRdelWK30xy = 50
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Figure 5.5: Various radial parameters as a function of energy.

us. However, these groups would be degenerate if pRpartOF were used. Now, as with
the angle, we assume that, in the pRdelWK30xy vs. pRdel WK30 plane, the events are
on average sorted by their true radii. Then we can construct a new parameter, A, which
just measures the distance along the distribution. As shown in[Fig. 5.7 we fit the shape
of the distribution with a parametric curve. The x and y positions of the curve are
described by 4*" order polynomials of A\, which runs from 0 to 1. Each measured data
point was then mapped to the nearest A along the curve.

Now we simply repeat the steps used for the angular analysis to build a map from A
to true radius, r. [Fig. 5.7|shows the measured PDF and CDF of A as well as the PCHIP
fit. For a uniform distribution of events in a cylinder, the theoretical distribution is

CDF,(r) = (r/R)?, where R = 50 mm is the maximum detector radius. So we define
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Figure 5.6: Comparison of the radial parameters.

the mapping function, g : A — r, as
g(\) = CDFE"Y(CDF\()\)) = R\/CDF\(\) (5.8)

1g. 5.9| shows the PDF of the transformed radius. It is in reasonable agreement with
the theoretical uniform distribution for which PDF,.(r) o r/R. The physical radii of
the phonon channels are also shown for reference.

Now, we can combine our angular and radial estimates to build a 2D event map
as shown in This appears very close to uniform, but we can still see some
structure at the PA/PB interface. This is likely an artifact of not having PA information
in this dataset, but it is remarkable that it appears at the correct radius, even though

we did not include any information about the individual channel radii in our modelling.
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Figure 5.7: Parameterized A fit to radii distribution.

It would be good to repeat this with PA information as well, but this is the type of

situation such redundancy (similar PA and PB) was designed in for.
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Figure 5.10: Reconstructed (7, 0) positions. Some residual structure is observed between
the outer two channels, likely due to the lack of PA measurement in the analysis.
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5.1.2 z Estimation

Unfortunately, it is much harder to obtain as satisfactory results for estimation of the
event z position. One major reason is the asymmetric bias/readout arrangement cur-
rently employed with HV detectors at UMN. All of the parameters we invented above
used the idea of measuring event angle or radius by using information from channels
that spanned a range of physical angles or radii. So too with z estimation, the natural
choice would be something like the following parameters which make use of channels on

both faces:

Y F L OF(PiS1) — OF (PiS2)

pZpartOF = =5
S F L OF(PiS1) + OF (PiS2)
F (5.9)
pZdelWK =Y [WEKr30(PiS2) — WEKr30(PiS1)]
i=A

However, as described above, we only read out one side of the HV detector when
operated with a bias applied. Another issue is that, while we can read out all 12 channels
at 0 V bias, the 10 keV Ge activation line that we used above is near the trigger threshold
and suffers from trigger efficiency effects which are correlated with event position.

So, we here instead study higher energy, 60 keV events from a 2! Am source in a
Si HV detector operated at 0 V. For this study, the source was collimated and located
over the center of one face of the detector. The data was taken in UMN R62 during
the winter of 2017. With a known distribution of these events, we will use similar steps
to those above to develop a mapping to physical z position. It is important to note
that the work presented in this section is an extension of a study first carried out by D.
Sincavage at UMN.

Now, another unfortunate issue was that channels PBS2, PCS2, and PDS2 were not
operable in this data. To maintain angular symmetry in the definition of a z parameter,

we were thus restricted to using only the PA and PF channels on each face. We define
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the following parameters:

L\ OF(PAS1) — OF(PAS2)
PEPATtE = OF(PAS1) + OF (PAS2)

 OF(PFS1) — OF(PFS2)
pZpartE = 5 e pFS1) + OF(PFS2) (5.10)

pZdelayA = WKr30(PAS2) — WKr30(PAS1)

) —
pZdelayF = WKr30(PFS2) — WKr30(PFS1)

A comparison of these quantities as a function of event energy can be seen in
In the left two figures, which use the inner, PF channels, there are clear
vertical structures associated with the 24! Am lines at 60 keV and from 10-20 keV. This
is expected since the source was located above the center of the detector. Interestingly,
there is also a region near the top and bottom where the z parameters appear to curl
back on themselves possibly due to some sort of surface effect. There is also a strong
horizontal band of events which have PF-based partitions near 0. These are likely from
events further out in radius, far from PF, which evidently do not impart as much z-
position information in PF. The right two figures use the PA channels. There, the
241 Am lines are observed to have a very narrow range of z parameters, again because
the signal is distant radially from the channels used.

As a compromise then, it is sensible to use both of the PA and PF quantities to
maintain reasonable z sensitivity at all radii. Essentially, we define this z parameter
to be the same as but without PB-PE. Additionally, from here forward we
will simply use the OF-based quantities, since the delay-based ones (lower figures in
appear to contain similar information with inferior resolution. Finally, we
will also use a radial parameter, which we define using the inner and outer channels as
we did in Thus we have

Zoarinp — OF(PAS1) — OF(PAS2) + OF(PFS1) — OF (PFS2)
e ~ OF(PAS1) + OF(PAS2) + OF(PFS1) + OF (PFS2) (5.11)
pRpartAp — OF(PASY) + OF(PAS2) — OF(PFS1) — OF (PFS2)

OF(PAS1) + OF(PAS2) + OF(PFS1)+ OF (PFS2)
In |Fig. 5.12| we show the z vs. r distribution using these parameters for a range of

energies from 50-70 keV. The 60 keV events can be seen as a thin curve on the left side
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Figure 5.11: Comparison of several z parameters as a function of event energy.

of the figure, at low radius. We can see here that both the radial and z parameters are
most sensitive near the channels which define them, i.e. at the extreme values of z and
r. In between, they are less sensitive and the distribution is squeezed. In the future,
including the inner ring channels will help to normalize the shape of this distribution.
Nevertheless, this is sufficient for our purposes here.

As in previous sections, we would like to obtain the distribution of z-parameter
values for the known population, here the 60 keV events from 2*'Am. We first make
a crude selection of the low-radius region as indicated in Then, we consider
these events as a function of energy as shown in the left side of With the higher
radius events removed, we can now see the 60 keV line much more clearly. However,

there is still a background distribution of events that we do not want to pollute our
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Figure 5.12: Distribution of events using radial and z parameters based on PA and PF
channels. Cut used to select low radius events is indicated with the dashed line.

sample. So we perform a background subtraction as follows. First, we normalize the
energy dependence of pZpartAF by transforming the solid red lines which follow the
distribution edge in the left side of to each be flat as shown on the right figure.
We call this transformed variable, pZpartAF _norm. Then, we select three regions that
span equal ranges of energy as indicated with dashed lines. The lower and upper regions
bracket the middle region, which contains our signal.

In the left side of we show the distribution of pZpartAF _norm for each of
the three regions. We then make the assumption that the background distribution is
smoothly varying, so we can subtract the average of the lower and upper distributions
and be left with the distribution due to 60 keV events from 24! Am. This is shown as
the red curve. Once this is obtained, we follow the now-familiar step of calculating and
fitting its CDF as seen on the right side of [Fig. 5.14]

We then need the expected CDF. The flux of a beam of photons directed into a
material will fall off exponentially with a length scale, A, which is 13.38 mm for 60 keV
gammas in Si [I88]. With a detector of thickness, h = 33.3 mm, we obtain
1 —exp[—z/A]

CDE(2) = 1= o /N

(5.12)
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Figure 5.13: Distribution of z parameter as a function of event energy for low radius
events. Left: Using the original pZpart definition. Solid lines show the rough distribu-
tion range. Right: After stretching the distribution to normalize out energy dependence.
Dashed lines indicate the three energy ranges used for signal and background subtrac-
tion.
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Figure 5.14: Left: Background subtraction of normalized z-parameter distribution for 60
keV events near the detector center. Right: Measured CDF of 60 keV radial parameter.

And thus we transform from any z parameter, zPar, to an estimate, Z, of the physical

position as
= CDF;Y(CDF.pa (zPar))
= —AIn[l — (1 — exp[—h/A])CDF,pg-(zPar)].

N>

(5.13)

Using this transformation, we produce the (again background-subtracted) distribution
of Z shown in The transformed quantity provides a reasonable fit to the
expected distribution, with the exception of the points very near z = 0 and z = h.
This is not totally surprising because we did not “uncurl” the energy-dependence in the

ends of pZpartAF, so the values there are not sorted properly. That means that 2 will
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not properly sort the values in the curl-back region, but, because of the CDF-matching

procedure we used, it should still be correct for events in the crystal bulk.
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Figure 5.15: PDF of transformed z parameter compared to exponential model.

There are two ways to deal with this. One, which is currently ongoing, is to study
other properties of these near-surface events to understand the origin of this effect.
Perhaps some aspect of the pulse shapes can break the z-parameter degeneracy and
be used to uncurl the distribution. D. Sincavage has already seen some evidence that
the rise times of channels on the opposite face provide some differentiation, but more
work should be done to understand the ultimate cause of this behavior and how well
it can be utilized for z estimation. We do know of effects which reduce the amount
of charge produced for events near the surface. However, this detector was operated
with no bias voltage, so the phonon energy measured should simply be the total recoil
energy, regardless of how many charges where produced. At face value, this makes
the z parameter curl somewhat surprising. It may be the case that this is simply a
result of the phonon transport properties and channel arrangement. Or it could be that
the initial, athermal diffusive phonon population is more efficiently down-scattered into
the thermal continuum when events occur near crystal surfaces or electrodes, leaving a

larger fraction of phonons below the QET sensitivity.
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In the mean time, a more conservative approach is to simply remove those events
from consideration. In the left side of we show the distribution of 2 as a
function of energy for events near the detector center. We also indicate two cut lines
which remove all events within 5 mm of the two detector faces, which covers the region
of the curl. The right figure shows the result on the measured energy distribution.
While the low energy lines are mostly eliminated (20 keV penetration depth in Siis < 1
mm) the 60 keV distribution is cleaned up substantially and appears much more like

the expected Gaussian.

Si HV, OV, pRpartAF<-0.35

[ pRpartAF<-0.35
+ |z-edge| > 5 mm

Counts
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Figure 5.16: Left: Physical z parameter as a function of energy. Red lines indicate cuts
to remove events within 5 mm of the surface so as to exclude regions of reduced energy
signal. Right: Effect of this z fiducialization on measured energy spectrum.

Now we have constructed a z parameter that appears to give a decent fiducialization.
But it is important to remember of the several important caveats in this work. This
analysis was done at 0 V, which allowed us to access all (working) channels, but which
will also have a rather different phonon distribution than data taken with higher bias
voltages. This is because the phonon population at 0 V is entirely recoil phonons, which
are expected to be produced as an isotropic sphere emanating from the recoil site.
At high voltage, the signal is instead dominated by NTL phonons emitted (roughly)
in columns spanning the full detector thickness. So while the same parameters and
techniques will likely be useful, the exact shapes of the distributions are expected to be
different. In particular, more of the energy will be focused in the channels immediately
above and below the event, so the position sensitivity we saw in will likely be
exacerbated and it will be of critical importance to have all phonon channels operating

and read out.
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We also only made this mapping for a single energy at low radius. This procedure
should be repeated with a wider distribution of energies and positions to provide a full
mapping. In Ge, this can be done using the neutron activation lines as before. However
Si has no such lines, so this will likely need to be carried out with calibration sources

placed, or moved, across a range of positions.

5.1.3 Uniform Neutron Activation Assumption

The above procedures for generating mappings from measurement parameters to real
physical locations used the assumption that 10 keV events from neutron capture in Ge
were uniformly distributed. We briefly examine this assumption by studying the results
of a simulation generated for a neutron activation analysis.

In UMN R66, we used a strong PuBe source to expose a Ge HV detector to a large
neutron flux and measured the resulting rate of neutron captures. Anthony Villano
also developed a detailed Geant4 [I89] model of the arrangement. In this simulation,
neutrons were thrown from the PuBe source and propagated to the detector where they
could interact by scattering or capturing.

In we plot the simulated distribution of capture locations, (7,0, z), in the
Ge HV detector. These are compared to the expectations for a uniform volume distri-
bution. We observed significant asymmetry, especially in the direction of the external
PuBe source. One cause of this may be the occurrence of a significant amount of capture
of non-thermal neutrons coming from the source.

The point here is that the actual spatial distribution of events may depend on details
like the shielding and source geometry as well as the neutron energy spectrum used for
activation. In these cases, one can still use all the same procedures to provide mappings
from the measured signals to the true event location, but instead of calculating the
simple analytic forms of the assumed CDF's, one should instead approximate the true

CDFs by fitting simulated distributions like these.
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Figure 5.17: Simulated neutron capture distributions in UMN R66 displaying preferen-
tial capture in portions of the detector nearest to the neutron source. Error bars are
statistical.
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5.2 1ZIP Detectors and an In-Situ Source Mover

In the previous section, we demonstrated how a suitable calibration source can be used
to map the z distribution at a single (r,6) point in a detector. Building on this, it
becomes desirable to develop a method to repeat such calibration by taking data with
a source at a variety of locations around the detector. This is a non-trivial task for
detectors which are operated inside a cryostat at mK temperatures and with low energy
radioactive sources, which cannot efficiently penetrate to the detector from outside the
cryostat. To address this issue, we have developed a prototype cryogenic device which
is mounted in a detector housing and moves a source across a range of radial positions.
This section will describe the design and operation of this source mover. We will also
present some examples of how data collected with this device is being used to calibrate
position quantities in a SNOLAB iZIP detector. Some of the work presented here has
been published in [190].

5.2.1 Design and Construction

There are commercially available cryogenic positioning stages sold by companies like
SmarAct, JPE, PI, etc. However, neither the cost (~$10k) nor the available designs
were suitable for the project at hand. In addition, many such cryogenic devices are
piezoelectric-based actuators, which operate using >100 V AC signals. There was sig-
nificant concern that, even if the existing SuperCDMS tower wiring could withstand such
signals, there would be significant EMI disruption to the sensitive TES and SQUID elec-
tronics. So we instead opted to develop a homebrew alternative building on previous
work which demonstrated simple modifications to a commercial stepper motor which
allowed stable cryogenic operation [191].

Following a similar procedure, we obtained a partially assembled PF25-48P4 stepper
motor from Nippon Pulse America Inc. Usually, the motor housing is sealed with a few
tack welds in the final step of assembly. However, we were able to obtain samples which
were not yet welded, but only for this particular model. The PF25-48P4 motor is a
cylinder approximately 25 mm in diameter and 15 mm deep and is likely larger and
more powerful than necessary for this purpose. It would be interesting to investigate

more compact designs in the future. One could still use commercial motors, but may
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have to first break the weld joint to open the motor case by carefully cutting the tack
welds with a diamond saw or Dremel tool.

In our case, the motor used two axial drive coils, each consisting of ~900 turns of
fine copper wire with total resistances of 120 2. We unwound these coils and replaced
them with Nb-Ti superconducting wire. Each coil was wound with 900 turns of 4.1 mil
(3 mil core, formvar-clad) Nb-Ti wire from Supercon, Inc. shows a photo of
the crude rig used to wind the coils. A power drill was used to rotate the coil and wind
Nb-Ti wire from a large spool in a controlled manner. The number of turns was counted
by means of an electronic switch attached to a NIM scaler module. After winding, each

coil had a room temperature resistance of 7.5 k{2 due to the high normal resistance of
Nb-Ti.

Variable speed
winding drive
(aka power drill)

Figure 5.18: Photos of the motor coil winding jig. The small motor coil (inset) was
wound with Nb-Ti from a large spool. The coil was mounted on a motorized axle and
the number of turns was counted by a circuit consisting of an electronic switch and NIM
scaler module.

One large issue with this design, which manifested in multiple ways, was the par-
ticular choice of wiring. Nb-Ti itself is an excellent material for this project as it
superconducts below about 10 K. This can allow the currents required to power the

motor to flow without generating Ohmic heating in the coil, an essential feature for
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stable operation at mK temperatures. However, the normal resistance was so high that,
with the pure Nb-Ti selected, we could not operate the motor at room temperature
for testing. Additionally, bare Nb-Ti is notoriously difficult to make good electrical
connections to. For this experiment, we tightly wound the stripped end of the Nb-Ti
wire around an Al wire pigtail and coated the joint in Pb-Sn solder. Unfortunately, this
may have resulted in joint resistances as high as a few Ohms, though this was difficult
to quantify on the bench due to the large Nb-Ti resistivity. As will be discussed later,
this likely lead to undesired heating when operating the motor. In retrospect, a more
appropriate choice would have been some type of copper-clad Nb-Ti which is available
commercially from Supercon. Such a material would allow room temperature operation,
since the normal resistivity would be similar to that of the original copper motor wire
[192], and would enable reliable electrical connections to other parts of the wiring with
standard soldering techniques.

A brass #6-32 threaded rod, linked to the motor, was used to drive a source holder
equipped with a small radioactive calibration source. As shown in the source
holder could be threaded onto the drive rod and fit over a guide rail which caused the
motor rotation to linearly actuate the source position. With a count of 32 threads
per inch and a motor step angle of 7.5°, a single step of the motor moved the source
a distance of 16.54 pm. To prevent freezing or sticking of any lubricants or oils, all
the mechanical and motor parts were cleaned with methanol in an ultrasonic cleaner
bath. They were then only handled and assembled in a clean room environment. The
calibration source used in this experiment was 24! Am which has a prominent 60 keV
gamma line. A 66 mil thick lead disk with an 18 mil hole collimated the source gammas
and restricted the emission rate. A strip of Kapton tape placed over the collimator
blocked alpha emission.

The motor was controlled by an EasyDriver [193] stepper motor controller and an
Arduino Uno [194] microcontroller board. Stepper motors are actuated by sending
square current signals of alternating polarity to the two coils. The motor was operated
in full-step mode, giving 48 steps per rotation. Custom firmware was written for the
Arduino so that the user could control the rate and duration at which these signals were

sent. The amplitude of the motor drive signals was set by an external variable power

supply.
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Figure 5.19: Stepper motor and source holder assembly.

5.2.2 Experimental Setup

The motor and source assembly was mounted on a copper plate with a slot through which
the gammas could pass unimpeded. This plate was mounted in a spare detector housing
1.6 cm above a SuperCDMS detector, allowing the calibration source to illuminate one
face of the detector.

One of the benefits of using a stepper motor was that the source position could
be calculated to excellent accuracy by keeping careful track of all steps taken by the
motor and using dead reckoning (i.e. assuming the distance moved relative to a known
starting location). However, for these initial trials, it was not certain whether the motor
would operate properly or might miss some steps. To hedge against this, two conductive
endstops were used to validate the source position at the extreme ends of the source
holder’s range of motion. These endstops were simply rigid copper strips, insulated from
the housing, and connected to wires leading out of the fridge. In this way, contact of
the source holder with an endstop was indicated with a simple resistance measurement
to ground.

We also installed two small indium blockers (1 mm thick, 2 mm wide) in the slot of
the copper plate. These were thick enough to effectively shield the detector from the
source when it was moved to those locations. The main purpose of these blockers was to
provide a secondary means of locating the source by noting when the calibration signal

was blocked. Again, this is not strictly needed in cases where the motor is operating
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properly, but was a hedge against such issues. However, the blockers were also being
tested for a longer-term purpose. It is often desirable to include a calibration source
when collecting DM search data. However, the required high rate of the source may
overwhelm possible low rate DM signals. The blocker and motor combination provide a
means of effectively toggling the calibration source illumination on or off, allowing one
to efficiently collect e.g. low rate DM search data sets interspersed with high quality
calibration measurements.

As the first test of this design, the source mover assembly was mounted above a
prototype SuperCDMS SNOLAB iZIP detector [195]. The assembly was oriented to
move the source along the detector diameter as shown in For this study, the
detector was operated with biases of 4 V on the two faces. The detector was read
out using existing CDMS-II cold hardware [138] with minor modifications. We used
prototype RevC DCRCs for control and readout of the charge and phonon channels.

Side 1 Side 2
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Figure 5.20: Detector layout and calibration source path. Divisions between phonon
sensors (labeled A-F on each side) indicated in blue and between charge sensors (inner
and outer on each side) in red. Source range of motion indicated in green. Diagram
courtesy of M. Fritts.

5.2.3 Heating Issues

The detector and movable source were mounted in the UMN K100 dilution fridge and
operated at ~ 35 mK during R71 in the fall of 2019. Unfortunately, we observed excess

heating of the base temperature stage when operating the stepper motor. The likely
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source was Joule heating in the aforementioned connection between the Nb-Ti coil and
wiring harness. By sending low DC current (< 5 mA) down a single coil, we observed
fridge heating consistent with a resistance of O(1 Q) at the location of the Nb-Ti joint
and wiring harness.

This was an issue when trying to operate the motor because it required drive currents
of 2 30 mA through the coils to achieve reliable stepping motion. This lead to O(1 mW)
heating which was strong enough to drive a portion of the adjoining Nb-Ti coil normal.
Once this process began, the normal portion of the Nb-Ti would also heat, leading to
a runaway increase in the coil resistance and heating. Evidence for this was found by
monitoring the motor coil drive signals as shown in We measured the motor
driver board’s applied voltage, V;,, and current drawn by a single coil, I,,,,, in series

with the ~ 120 Q wiring running from room temperature to 4 K.

Valtage [V]
Current [mA]

- Wiring
=== +MNormal Coil

10° 4

Total Resistance [1]
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Figure 5.21: Top: Drive signals for a single motor coil while attempting to move 20
steps. Bottom: Inferred total resistance of coil and wiring. After the first few steps,
the resistance was observed to increase. Drive voltage increased to compensate until
it saturated at £7 V. Such behavior indicated that the Nb-Ti coils were heated out of
their superconducting states after just a few steps.

The signals observed when trying to move the motor by 20 steps are shown in the
upper plot. The lower plot shows the inferred total resistance of the coil and wiring.
Separate measurements of the fridge wiring (blue) and plus normally-conducting motor

coil (red) are also shown for reference. The motor driver board was designed to output a
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certain maximum drive current when stepping. To do so, it increased the drive voltage
until either the desired current setting was reached or the voltage source railed. In
this example, the resistance remained low and consistent with the fridge wiring for the
first few steps until 50 ms. After that, the resistance was observed to increase to a
few k() with further operation. When this occurred, the driver board tried increasing
the voltage amplitude to compensate, but could not do so beyond the maximum power
supply setting of 7 V.

As shown in the lower plot of the resistance increased to a value consistent
with a large fraction of the motor coil going normally-conducting. This measurement
indicates that only part of the coil is normal, so it is probably not the Nb-Ti itself gen-
erating the initial heating, otherwise we would likely observe the full normal resistance.
This is bolstered by the fact that the critical current of this Nb-Ti wire is expected to
be 2 10 A, far larger than anything we applied [196]. These observations lead to the
conclusion that the heating is primarily driven by the resistance of the joint between
the Nb-Ti coil ends and the short Al wiring pigtail which fed out from the detector
housing to the tower wiring. Operating the device for much longer periods of time
would overwhelm the fridge with the substantial Joule heating. This made it difficult
to estimate whether friction or eddy currents caused significant additional heating. We
believe that future designs with improved connections will alleviate this issue. This may
be accomplished either by use of Cu-coated Nb-Ti or with other methods of producing
low-resistance joints. One such technique which is currently being investigated is simple
clamp connections utilizing another superconductor like Al. Another option is to use
a relatively simple chemical procedure recently developed specifically for electroplating
the ends of Nb-Ti wiring with Cu [197].

5.2.4 Stutter-Step Operation

Even with these issues, we were able to accomplish reasonable movement of the source.
Heating was minimized by operating with a low drive current of 35 mA and only en-
ergizing the coils immediately before stepping the motor, then de-energizing them once
the stepping was completed. Additionally the motor was only moved in bursts of 4—6
steps at a time, since after this the coils heated and the drive current could not be main-

tained. We also added 200 uF smoothing capacitors in parallel with each coil to reduce
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possible eddy heating due to transient spikes in the drive current signal output by the
controller board. The time scale of this smoothing required that the dwell between step
signals be 40 ms. In this experiment, we did not work to optimize the balance between
a shorter smoothing timescale, which allowed a shorter dwell for more steps before the
coils heated, and the possible increased heating from transients.

When operated in this “stutter-step” mode, the base temperature would momentar-
ily spike to 500 mK, but return to < 50 mK within 5 minutes, at which time we were
free to move ahead another 4-6 steps. We automated this procedure which allowed the
motor to operate at an average of ~ 1 step/min for arbitrary periods of time without
overwhelming the refrigerator. This was certainly not the ideal mode of operation as it
only gave a source translation speed of ~ 1 mm/hr. However, this was enough to allow
a cursory study of the operation of this system with the source at a variety of positions
across the 50 mm detector diameter during a cryogenic run lasting only a few weeks,
which is typical of detector characterization studies. Of course improved heating and
translation speeds can improve this somewhat, although the data taking itself also takes
significant amounts of time.

While stepping the motor we ensured the source was moving by monitoring the coil
drive signals as in We also monitored the endstop resistances to confirm when
the source holder reached the end of its motion. In this way we found that number of
step commands sent to the motor was consistent with the number required to move this
distance, implying 100% step efficiency. This allowed us to estimate the intermediate

source locations to within 60 pm.

5.2.5 Phonon Collection Efficiency

It was discovered that, after each operation of the motor, the phonon collection effi-
ciency (PCE) of the QETs was diminished. PCE is the efficiency with which phonons
from the detector crystal are coupled to the transition edge sensor of the QET. We ob-
served reduced signal amplitudes on all phonon channels after operating the motor, but
unchanged charge signals as shown in This indicates lower PCE as opposed
to charge trapping or other crystal effects.

We believe this was a result of the superconducting Al fins trapping magnetic flux

from the motor drive coils. This flux in turn trapped diffusing quasiparticles in the
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Figure 5.22: Charge and phonon spectra showing reduced PCE immediately after motor
operation (+move) and restored PCE after 1.2 K heating (+1.2 K flash). Subsequent
LED heating and detector operation (4+5 x 100 mK flashes) did not affect PCE.

Al reducing the fraction which heated the TES and thus lowering the observed signal
[198]. Operating the motor heated everything at the base temperature stage including
the detector and produced magnetic fields to rotate the motor. Measurements of the
unmodified, copper-wound motor at room temperature indicated that these fields can
be as as high as 400 T just outside of the motor housing. We believe this heating
could have driven the Al fins normal such that, when they cooled again, they trapped
magnetic flux still present from the motor. Now, as mentioned above, the maximum
temperature measured at the motor mounting plate during operation was ~ 500 mK,
less than the Al fin To=1.2 K. However, the temperature of the Al fins could be higher
because they were exposed to direct IR radiation from the motor, and there is a delay
of some few seconds until the detector temperature comes into equilibrium with the

base temperature stage. This is because the detector crystal is purposefully thermally
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isolated from the detector housing with the Cirlex clamps that hold the crystal in place.
Another piece of evidence supporting this theory was that we were able to restore
the PCE to the nominal value by heating the detector above 1.2 K for a few seconds
and letting it cool back down. This was accomplished using LEDs installed inside the
detector housing. We also saw that a second round of LED heating did not further
change the PCE, indicating that a single 1.2 K heating left it fully restored. Because of
this, we adopted a procedure of moving the source from one desired location to the next
using the stutter-step method, then briefly heating the detector above 1.2 K to restore
PCE. After this heating, the detector would cool back to ~ 35 mK within 2 hours at

which time the detector could be operated.

5.2.6 PCE Modelling

To further study the hypothesis that the PCE reduction was due to trapping magnetic
field from the motor, we constructed a simple physical model to describe PCE as a func-
tion of ambient magnetic field strength. This subsection describes this model, previous

PCE data we used to tune it, and the implications for motor operation.

Al Quasiparticle Diffusion Model

We model this effect by considering the diffusion of Quasiparticles (QPs) in the Al fins.
To first order, we can just consider the 1-D diffusion of the QPs along the length of the
fins [199]. The particles obey the diffusion equation

h=DVn— " ts (5.14)
T

where n is the number density of QPs, D is the diffusion coefficient, 7 is the QP lifetime,

and s is a source term. For our purposes, the source term is given by
s(Z,t) = 6(Z,t) (5.15)

By combining these expression with appropriate boundary conditions for absorbers,
Appendix D of [199] solves for the geometry of QPs diffusing along a 1-D
fin with a QP trap (TES-Al overlap region) at one end. In that case, the fraction of
phonons that reach the TES, which we here call phonon collection efficiency (PCE), is
y

PCE =
Ao + )\dCOth[l/)\d]

(5.16)
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Here the (dimensionless) absorption length, A\, = D/vw, where v is an absorption

coefficient for the QP trap and w is the Al fin length and the diffusion length, Ay =
\/E/ w.

Now, we need to include the additional effect of the magnetic field. We assume that

the QP lifetime can be written as

T =10 Tirap (5.17)

where Tt;;p is the timescale over which a QP (with an otherwise infinite lifetime) would
become trapped by pinned flux in the Al and 7 is the QP lifetime without any additional
magnetic flux effects. Further, we will assume that the trap lifetime is proportional to
the mean free path for scattering on a trap, lg. Then, the mean free path, which is
inversely proportional to the trap density, will go like the inverse magnetic field flux
through the Al fin. Thus we have

Tirap < Ip o< ® 1 oc B™1, (5.18)

where @ is the magnetic flux through the fin and B is the average magnetic field strength
at the fin. We parameterize the scale of this effect with a constant, ¢ (having units of
Txs), and obtain

=11+ BJe (5.19)

which allows B to enter into the PCE via Ay = v/ D7/w. Now we have a simple PCE

model with a few physical parameters.

PCE vs. Magnetic Field Measurements

In UMN R59 we measured how the presence of magnetic fields when cooling the detec-
tors reduced phonon collection efficiency (PCE). This was accomplished by varying the
position of an external mu-metal shield and measuring the phonon signal generated by
the 60 keV line from 2*' Am. The resulting measurements are shown in where
we see the expected reduction of PCE as the background magnetic field is increased.
Now, the measurements shown in are a function of the magnetic field
strength at the detector position but without the dewar and fridge present. Our model
depends on the magnetic field present at the detector, so we need to account for ad-

ditional magnetic shielding effects of the fridge components. We define the shielding
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Figure 5.23: Measured reduction of PCE as a function of external magnetic field from
UMN RA59. Figure courtesy of M. Fritts.

factor, s, as the ratio of the B field without the shield present to the the B field with

the shield present. For simplicity, we use the expression for a spherical magnetic shield

[200].

| 2p1, — 1)?
sphere — T 2)(2 T 1) - 5.20
Ssph 9ur<<“+ @+ 1) - s T e 1 1 (5:20)

where i, is the relative permeability and » = A/d is the ratio of the shield thickness
to shield diameter. This expression gives values which are not that different than other
simple geometries and is sufficient for this purpose. The form of this shielding function
is shown in

Now, the K100 fridge has a steel dewar jacket with 2 layers, each ~ 0.25” thick and
diameter ~ 24” for which we use the relative permeability of carbon steel, 1, steer =
100. It also has a stainless steel inner vacuum chamber (IVC) and some copper cans.
However, copper has p, ~ 1 and we assume the IVC is austentic stainless steel (most
common) which also has p, ~ 1. Apparently those structures do not add much magnetic
shielding. So, using[Eq. 5.20|and including 2 layers of carbon steel gives a shielding factor
of s = 5.3.
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Figure 5.24: Shielding factor of spherical magnetic shield.

Fitting and Extrapolation

Now we can use the shielding factor and measured external fields during the mu-metal
tests to calculate the field strength at the detector. Then we use the model from above
to fit the data. We leave the following factors floating in the fit; 79, w, Ay, D, and c.
The result of the fit is shown in The best fit values are in and are

within plausible scales for these devices.

Parameter Value
c 186 u'T us
T0 18 us
W 19 pm
la 3.0 pm
D 0.15 pm? /s

Table 5.1: Best fit parameters for the PCE model.

The fit has also been extrapolated to the region of PCE that matches observations
of reduced PCE in R71 when operating the cryogenic stepper motor. The extrapolation
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Figure 5.25: Fitted model to PCE measurements from mu-metal shield tests. Extrap-
olation shows that reduced PCE values observed in R71 were consistent with magnetic
fields of the same scale produced by the stepper motor.

yields a value of ~ 125 uT for the magnetic field inside the detector housing during the
stepper motor operation. This is plausible given the measured magnetic field directly
adjacent to the motor housing was ~ 400 T when operated. While this is a rather
approximate model, it provides further support for the idea that the observed PCE loss
in UMN R71 was consistent with magnetic flux from the stepper motor trapping in the

Al fins after they were heated.

5.2.7 Position Mapping

Data was obtained with the calibration source at a range of different radial positions
over the Ge iZIP detector. The interleaved charge and phonon sensors allowed the iden-
tification of events occurring within ~ 1 mm of the detector surface, where they suffer
from reduced ionization yield [I59]. These surface events were identified as having very
asymmetric charge signals between side 1 and side 2 and were removed from analysis.
The remaining bulk 60 keV events were used to examine the correlation of phonon signal
parameters with source position.

shows how several different types of position parameters vary with true

source position. As in earlier analyses, we have employed parameters constructed using
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Figure 5.26: Various phonon position quantities for a range of calibration source posi-
tions. Points denote the average parameter values for bulk 60 keV events and error bars
denote the width of each distribution. The radial and y parameters all track the source
movement while the x parameters remain near 0.

the relative pulse amplitudes, combined into various partition parameters, and the rel-
ative timing between channel start times, combined into delay-based quantities. Recall,
however that the iZIP channel layout shown in is somewhat different than the

HYV layout used before, so the parameters are redefined accordingly as a set of delay-



and partition-based quantities in [Eq. 5.21] and [Eq. 5.22] respectively.
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(5.21)

(5.22)

The upper left plot shows the x- and y-position estimates using the relative 30%

rise time delays of the four inner-ring channels, PB, PC, PD, and PE. The source was

physically moved along the y direction and that is generally reflected in these quantities.

The x parameters for both detector faces remained centered about 0, although there

was some small amount of scatter in both the delay and partition parameters. The

y parameters both change with source position and are especially sensitive when the

source is in the PF region. This is interesting because then the channels used to define
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these quantities are bracketing the true source position. When the source is at the same
radius as the inner ring channels, the sensitivity (slope) drops substantially and may
even be flat. Interestingly, the y parameter on side 2, which was the side the source was
mounted on, generally exhibited larger delays between channels than did the side 1 y
parameter. The lower left plot of depicts the distribution of z and y partitions
constructed using relative OF energy estimates of the inner ring channels. They appear
to show the same general trends as the corresponding delay-based parameters, although
the sensitivity near the center of the detector seems to not be as high.

The right two plots show the radial parameters constructed using just the inner (PF)
and outer (PA) channels on each side. The parameters in the upper right plot used the
relative delay timing and the lower right plot used the OF energy partitions. In the
delay parameters, we see a very similar trend between the two faces, with both relatively
insensitive while the source was located over channel F, but with some reasonable slope
once it moved over the inner ring channels. Again we are seeing that the parameters are
most sensitive when the channels defining them bracket the true source position. The
lower plot mostly shows these consistent trends with the possible exception of the side
1 quantity near the center, although this may be hard to interpret given the natural
scatter of these points. In general here, we see that there is a rich set of parameter space
to draw from in order to construct an optimal position mapping. One simple effort is
described in where we develop a simple phonon model and fit it to the
OF-based parameter distributions.

In the design tested, the maximum radial distance was limited by the width of
the source and source holder. This prevented us from taking data with the source
centered over the outer PA channel. However, it should be possible for future designs
to be improved so as to allow source placement within a few mm of the crystal edge.
Alternatively, while it will take more involved engineering work, the positioning of such
a source scanner along the side of a detector, with its scanning path in the z direction,
could not only help map out the z-position dependence, but would also produce a
population of calibration events at high radius. As discussed elsewhere, such events
near the detector surfaces are the most important to study for fiducialization purposes.

Another way to study the signal propagation is by looking at the arrival time of

phonon signals at the various channels. In this detector, we can use the charge signal to



140
determine when the event first occurred (to within ~ 1 us), and study how long after
that each channel first saw phonons. This was done for the same data studied above.
The start time of each event was taken as the 20% rise time of the largest charge signal
in the event. Then the average delay from this to the extrapolated start time of each
phonon channel was calculated. An example of these distributions for a single source
location is shown in the left side of For this example, near the detector center,
the PF channels first observed phonons within 5 us, with S2, near the event, slightly
sooner than S1. Then, the inner ring channels all started to receive phonons from 10-20
us, and finally the outer PA channels at 25 us. To study these delay distributions, we
plot the mean of each distribution as a function of the radial distance from the source
to the nearest edge of each phonon channel, i.e. the horizontal distance from the NTL
phonon column to the channel edge. In a way, this assumes that the phonon signal

starts to rise as soon as the first wave of phonons reaches the edge of the channel.
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Figure 5.27: Left: Example of phonon arrival times relative to earliest charge signal
where the PF channels are the physically nearest and have the earliest arrival times.
Right: Arrival time is correlated with azimuthal distance from channel edge to source.
The red fit line corresponds to a slope of 2.1 £ 0.1 km/s.

The slope of the distribution on the right side of corresponds to 2.1 £ 0.1
km/s. Naively this is something like the phonon propagation speed, however the real
story is more complicated. Ballistic phonons travel in straight lines at the speed of
sound in Ge, which is 3-6 km/s [145]. But, we know that the phonons are generally first
produced at higher energies and move diffusively before down-scattering to the ballistic
regime [201]. There are then additional delays from the quasiparticle diffusion and TES

response time. Thus the time delay observed here represents some effective combination
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of these processes. In the iZIP detector design, this story is further complicated by the
distribution of phonon production, with half of the NTL phonons being produced in
the interleaved regions of the detector within a few mm of each face. Modelling all of
these effects is beyond the scope of this work, but is mentioned to highlight how such
datasets may be valuable to validation efforts of detector simulations and study models

of charge and phonon transport.

5.2.8 Next Steps

For the particular design tested in these studies, solving the coil heating issues will enable
faster source translation, though there will still be limits due to frictional heating. One
can also trade longer pitch thread for increased speed at the loss of position accuracy.
The inclusion of a small mu-metal shield around the motor could fix the problems
associated with stray magnetic fields. Future modifications are planned in order to add
an angular degree of freedom with a secondary motor to enable a full two-dimensional
scan of the detector face. This will allow fuller mapping of both the radial and angular
parameter space. While it would take more significant engineering efforts, including
machining a vertical slot in an existing detector housing, it would be interesting to scan
a source along a detector sidewall as well. A more minimal design of this type could be
employed for in-run energy calibration. This could be as simple as a motor which moves
a shutter to as to expose or block a source in a fixed position. Such a device could also
be employed to actuate a cryogenic shutter for fiber optics currently used to calibrate

HVeV detectors and which may suffer from IR leakage from higher temperature stages.



Chapter 6

Scaling Up - 150 mm Devices

6.1 Motivation

Perhaps the greatest weakness of using semiconductors as DM detectors is scalability.
In practice it is difficult to grow pure monocrystaline semiconductors of the purity
required above the kg-scale. An additional challenge is that semiconductor detectors
must be operated at cryogenic temperatures, so large devices can also require significant
cryostat design changes. This is in contrast to liquid noble experiments which are now
reaching the ton-scale because, with less difficulty, one can always just “build a bigger
bucket” to increase the total detector volume. Because of these limitations, experiments
like SuperCDMS deploy arrays of many individual detectors, each of which must be
instrumented separately, a further expense. It is thus desirable to understand how much
larger individual detectors can be made. This chapter describes efforts to maximize the
individual crystal volume while maintaining desirable detector operation characteristics.

As discussed in leakage currents through the detector can reduce its sensitiv-
ity when operated at high bias voltages. If this leakage is occurring at the electrode-
crystal interface, one possible solution is the use of contact-free, or vacuum-separated,
electrodes. It has been demonstrated that such arrangements can reduce this leakage
for small (56 cm?®) Ge devices [I85]. The work in this chapter also demonstrates the
feasibility of such contact-free bias schemes with larger (450-580 cm?) Si crystals. Al-
though these tests did not include phonon readout, they were the first demonstration

of such bias schemes used with the largest cryogenic Si particle detectors yet operated
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at temperatures below 100 mK.

6.2 Detector Designs

For these tests, two ionization detectors were fabricated out of n-type, [100] orientation,
high purity, high resistivity (>15 k2-cm) Si crystals purchased from TopSil [202]. The
two cylindrical crystals were both 150 mm in diameter. One was 25 mm thick, and
the other was 33 mm thick. There are also currently 200 mm and 300 mm Si boules
in use in the semiconductor industry. (There is even a proposed 450 mm Si standard)
However, these tests used 150 mm boules due to limitations in the processing equipment
used to polish and lithograph them. In addition, this size was pushing up against size
restrictions in our cryogenic fridge which could not be overcome without significant
engineering efforts.

The 33 mm thick crystal was used to construct the first, simple single-channel
contact-free detector by mounting the bare crystal between two planar aluminum elec-
trodes. This detector is denoted “S1501”. As shown in the left side of the
ionization signal was measured on one electrode (“Readout”) while the other was used
to provide a voltage bias (“Bias”). The readout electrode could also be biased up to +12
V, but most often the readout electrode was grounded and the bias electrode provided
a 0-100 V bias. This device was tested in the fall of 2016.

The thinner, 25 mm thick crystal, denoted “S1502”, had five concentric electrodes
of equal areas patterned on one crystal surface as shown in [Fig. 6.2 The electrodes
were fabricated on one crystal face by depositing a layer of amorphous Si followed by a
layer of aluminum. The amorphous Si layer has been part of the standard lithography
program in SuperCDMS detectors (both Si and Ge) and so was included here. (Other,
more recent studies are investigating how this layer may actually be a source of charge
leakage.) The opposite crystal face of S1502 was left bare. The five channel geometries
were then defined by wet-etching. The same contact-free electrode used with S1501 was
mounted near the bare face to provide a bias voltage and the induced ionization signals
were read out from the five deposited electrode channels. This device was tested in the
fall of 2018.

The aluminum electrodes feature a 150 mm outer diameter top lip, used to secure



144
§1501 $1502

Al electrode (Bias) Al electrode (Bias)
( J ( J

Vacuum Vacuum

Vacuum L3 7
( ) \AI Electrodes (Readout) 7

~ Cu housing 7

Al electrode (Readout)

Figure 6.1: Left: S1501 detector design with two aluminum electrodes (gray) surround-
ing a 150 mm Si crystal (blue) with a vacuum gap between faces. All pieces are secured
within a copper housing with Cirlex clamps (not pictured). Right: S1502 detector de-
sign with a single vacuum gap for biasing and a set of deposited readout electrodes on
the crystal surface.

the electrode to its housing, and a solid 142 mm diameter cylinder which extended
below the bottom edge of the lip. This cylindrical portion was designed to mate with
mounting clamps in a dedicated housing. The detectors were mounted and enclosed in
housings machined from OFHC copper. The housings were basically designed as scaled-
up versions of the detector housings used in SuperCDMS Soudan. Both the crystals
and the electrodes were held in place, electrically isolated from the housing using Cirlex
clamps. Photos of the crystal and electrodes mounted in the housings can be seen in
Fig. 6.3

Each electrode was mounted with its flat face parallel to the crystal surface, with a
gap of <1 mm. As shown in two shallow recesses along the radial periphery of
the electrode face provided space for small circuit boards. Infrared (IR) and ultraviolet
(UV) Light Emitting Diodes (LEDs) mounted on each board were used to periodically
illuminate the detectors between data taking. The effect of these is discussed further in
Sec. 6.4.4

The bias voltage across the crystal, V.., was not the same as that applied to the
detector as a whole, Vi, due to the voltage drop across the vacuum gap(s). These

quantities can be related by



145

% Calibration source

Figure 6.2: S1502 ionization electrode channel map. Locations of the 24! Am calibration
sources are marked. The segments of channels B and C were connected with wirebonds
so that each forms a continuous annular electrode. Sections of the inner electrodes
extend towards the detector radius to allow wirebond connections to readout electronics.
The S1501 detector (not pictured) had a single, monolithic electrode with a single
calibration source at the center.

where h is the detector thickness, d is the total vacuum gap width, and x = 11.47 is the
relative permittivity of Si near 0 K [203]. This expression does not include any fringing
fields or effects of the grounded detector housing, which causes a non-uniform field at
high radius.

The vacuum gaps of S1501 were measured to be 0.29 £+ 0.03 mm and 0.40 &+ 0.07
mm for the readout and bias sides respectively. These gaps resulted in 80% =+ 2%
of the total bias field being applied across the crystal itself. They also set the total
detector capacitance at ~70 pF, similar to typical SuperCDMS detector capacitances
of ~100 pF [204]. S1502 had a single, larger gap of 0.9 4+ 0.1 mm, giving 70% + 3%
of applied bias across the crystal. This device used a thinner crystal and split the

measurement electrode into 5 equal-area segments, so the capacitance of each of the five
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Figure 6.3: Top: A. Kennedy, proud after successfully mounting the S1501 crystal in a
housing. Bottom: Contact-free electrodes in housings ready for assembly with S1501.

readout electrodes to the bias electrode was ~20 pF. Direct measurement of the vacuum
gaps was difficult and is the main source of uncertainty in the magnitude of V.. As
described below, it also lead to an uncertainty in the absolute amplitude of measured
charge signals.

These devices were tested in the UMN K100 fridge with a base operating temperature
ranging from 75-95 mK. The detector housings were designed to fasten to a conventional
CDMS-Soudan “tower” [I82], thus minimizing the amount of additional cold hardware
to be fabricated for these tests. The K100 fridge has been able to achieve temperatures
as low as 30 mK with smaller detector payloads. Unfortunately, due to the detector
radius, we were unable to install a crucial component which normally heatsunk part
of the tower to the Still (~ 1 K) stage of the fridge. This resulted in the non-optimal

operating temperature. However, these devices had only charge channels, which should
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Figure 6.4: Photo of LED board mounted on electrode. Position of the IR LED mounted
on the detector housing is also indicated.

operate without issue to temperatures above 1 K.

The detectors were connected to the tower wiring via different sets of modular coaxial
wiring. For S1501, the single channel detector, simple flexible coaxial cables were used.
These were included as a test to replace the standard rigid vacuum coaxial connectors
used in SuperCDMS Soudan. The hope was that the flexible coax would allow us to
operate different types of detectors with greater freedom of housing design and connector
placement. Unfortunately, we found that it induced undesirable oscillations in the
amplifier chain which distorted the pulse shapes. The design of the electronics used with
the subsequent detector, S1502, was modified to as to accommodate the old vacuum
side coax assemblies, and the pulse shapes were improved as discussed below.

The standard SuperCDMS cold electronics described in [Sec. 2.2] were used to amplify
the ionization signal. The LEDs and readout amplifiers were controlled and digitized
with a set of prototype SuperCDMS Detector Control and Readout Cards (DCRCs)
[164] connected to a computer running MIDAS-based data acquisition software [165].
The bias electrode was connected to an external power supply via a custom designed
adapter board. With S1501, we used the HV board described in which
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was meant for operating iZIP detectors in CDMSlite mode. With the S1502 detector,
we needed the use of 3 DCRCs to read out the 5 charge channels. So we instead built
custom D-Sub 50 boards to break out the appropriate lines for HV biasing.

6.3 Measured Charge Pulses

Analysis of these devices focussed mainly on the signals from the 60 keV gamma line
from 214 Am calibration sources. In cryogenic Si, it takes an average of 3.8 eV to produce
an e/h pair [I30], so these interactions each produced around 1.6 x 10 pairs where
the gamma was absorbed. With a constant bias field applied by the electrodes, these
charges drift across the crystal bulk, inducing a signal on the readout electrode [135],
the magnitude of which can be predicted using the Shockley-Ramo Theorem [205, 206]
including polarization effects of the crystal and gap dielectrics [207]. To first order, the
expected signal at the readout electrode, Qg4 is related to the total amount of charge

liberated in the detector, ) by

h
Qsig = m@ (6.2)

i.e. the signal is reduced by the same factor as the applied bias voltage in
This also leaves it subject to the same systematic uncertainties in d that were discussed
above.

The experimental flexible coaxial cabling used with S1501 introduced a high fre-
quency pole which caused ringing in the pulse tail as can be seen in |Fig. 6.5, This
behavior was studied in detail and was reproduced on the bench at room tempera-
ture. The only clear difference we observed in the properties of the two designs was
a bx higher parasitic capacitance between the signal wires and ground on the flexible
coax. However, even including this in a full SPICE circuit simulation did not reproduce
the observed results. We were ultimately unable to definitively determine the cause of
the oscillation which prevented an absolute calibration of the S1501 signal from first
principles. However, the relative event energy information was still contained in the
maximum amplitude of the pulse. The whole pulse shape, including the ringing tail
scaled linearly with input signal. This allowed each pulse to be fit with an average

template constructed from characteristic events, to estimate the relative amplitude of
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each event.

The S1502 pulses were all fit using the Optimal Filter (OF) algorithm. However,
the S1501 data was also plagued with a peculiar form of readout glitch related to the
DCRCs which occurred randomly and swapped adjacent sets of 8 ADC samples. At time
scales above 3.2 us this was not apparent, but it introduced many strange artifacts in
the frequency domain which ruined the OF resolution. As an alternative, this data was
simply fit in the time domain with a smoothed template, which was relatively insensitive
to such issues.

S1501 - Typical lonization Pulse S1502 - Typical lonization Pulse

70

— Charge Pulse [ o : 1 i i |——ChargePulsef

| == Template Fit |
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Figure 6.5: Typical ionization pulse signals shown in black, with fitted pulse templates in
magenta. Left: S1501 detector pulse with distortion is still well-fit by average template.
Right: S1502 channel E pulse shows effect of corrected readout circuit with simple
exponential fall time.

6.3.1 Absolute Charge Calibration

With improved cold electronics, S1502 produced exponential pulses without ringing.
This allowed an absolute calibration for all 5 channels based solely on the readout
circuit design. As described in the amplitude of the exponential charge
signal voltage, V,,, is related to the induced charge signal as

V. . — Qsig Co
out —
C1FB CC + Cstray

(6.3)
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where Cc = 300 pF is the coupling capacitor and Csirqy is any other capacitance to
ground. The feedback capacitance C'rp is actually dominated by the capacitance of the
feedback resistor itself, not because of any separate, discrete capacitor circuit element.
The value of Crp can be inferred from the observed pulse fall time which is set by the
first stage amplifier feedback branch, 7 = RppCrp = 46.2 us. Given a measured value
of Rpp =40.2 MS), the average capacitance was found to be C'rg =1.15 pF.

Obtaining Cyirqy was a more nuanced task. Ideally, one would simply measure the
capacitance between each readout electrode (A-E) and ground. However, the presence
of the bias electrode complicates matters because it also provides an indirect capacitive
coupling which we do not wish to include in A model of the full network of
elements and capacitances is shown in [Fig. 6.6l This model includes the capacitance
from each readout electrode to ground, the bias electrode, and to neighboring readout
electrodes. There, C'ab represents the capacitance between elements a and b with a,b €
{L = Bias Electrode, G = Ground, A = Readout A, ..., E = Readout E}.

Bias Electrode (L)

— — | - | -
< m Q (m] L
15) 3] o o 3]
CAB BC D CDE
A | B ? c D ? E —
| | | | O
(&)
L] O] ] (U] U]
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[ (] (] (@] (]
1

Figure 6.6: Capacitance network model for S1502 electrodes and housing.

To characterize all these capacitances, multiple bench measurements were performed
on the detector and electrode stack with an HP4275A LRC meter. To isolate the dif-
ferent values, measurements were done with different combinations of elements shorted
together, e.g. shorting channels A and B eliminates capacitance CAB. By combin-
ing many such measurement with the above capacitance matrix model, we were able
to infer an average channel to ground capacitance of, Ccpan,g = 25.5 pF. This value
represents the direct capacitance between a readout channel and ground. However, to

first order each channel also sees ground via its neighboring channels, so these should
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also be included. This indirect capacitance was measured to be, on average 70 4= 20 pF,
where the uncertainty is set by the standard deviation of the measurements obtained
for the individual channels. Note that this indirect capacitance also includes the effect
of neighboring channels’ coupling capacitor, since their amplifiers hold the other side
of it at virtual ground. In this way, the indirect capacitance to ground can actually
be larger than the direct capacitance to ground. Now, combining these effects gives an
average effective capacitive signal gain factor of

Ce

Gogp = =S
op CC + Cstray

= 0.81 +0.04 (6.4)

A more careful analysis could be done which allows for variations in these factors due
to the differing geometries of individual channels. However, that is beyond the scope
of this work since the capacitance measurements and calculations involve significant
systematic uncertainties that we are simply averaging over.

Similar analysis can be done to understand an observed ~ 5% cross-talk of signals be-
tween neighboring channels. In this process, a channel which observes an event induces
small signals on the neighboring channels via capacitive coupling between the electrodes.
While this coupling can explain a significant amount of the cross-talk observed, some
of it will also be from overlapping Ramo potentials, which requires dedicated charge
transport modelling to understand properly. However, this cross-talk is not expected
to reduce the signal in the primary channel, and is thus not considered further in this
analysis. Cuts were made in the datasets to ensure we only considered events which
were not shared between two channels.

After the first stage of amplification, the DCRCs had a few stages of further ampli-
fication and filtering before the final voltage was digitized. These gains were different
depending on the DCRC version. While these values were known theoretically from the
amplifier circuit diagrams, we confirmed them by injecting fake signals on the bench.
We showed that the absolute fixed change amplifier gains for the two revisions (Rev) of
DCRC boards used were 4(5.5) for Rev C (Rev C.1). Putting all pieces together allowed
us to calibrate from the fitted pulse heights back to charge induced at the electrode.
This calibration allowed measurements of the absolute charge collection efficiency for
detector S1502.
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6.4 Experimental Results

Because this was such a novel detector, data was taken under a variety of conditions.
This included a range of bias voltages, neutralization with IR and UV LEDs, and
illumination with 2 Am and ®*"Co gamma sources. The 60 keV gamma line from 24’ Am
sources was used for energy calibration. In S1501, the source was mounted at the
center of the readout electrode with an 0.008” diameter hole in a 0.375” thick lead
disc collimating the source along the crystal axis. In S1502, sources were mounted on
the bias electrode over the center of each channel except the outermost (channel A) as
shown in Each source was collimated with 0.375” thick lead discs with hole
diameters of 0.018” for the center channel (E) and 0.006” for the other three (B-D).
The center channel source had a different geometry and required a larger collimator
hole to achieve a similar event rate to the others. The calibration events occurred more
often on the side of the detector nearest the source, but because the mean free path of
60 keV gammas in Si is ~3 cm [I8§], the calibration event rate only falls by about half
over the depth of the crystal.

6.4.1 Gamma Simulations

We developed Geant/ [189] simulations of these detectors to understand the distribution
of energy depositions from the ?*!Am as well as from an external °"Co source. The
penetration depth of characteristic gamma energies (60 keV for ?*! Am and 120 keV for
57Co) in both Si and Ge can be seen in This simulation threw the gammas
at a crystal with the same geometry as S1501. The gammas were thrown in an axial
beam at the center of the detector (z axis). The histograms show the energy-weighted
positions of gammas which did not scatter out of the crystal, but deposited their full
energy. The energy-weighted position (defined as Zpw = % > nit i Edepi®i) is used
because the gamma may scatter several times in the crystal. The results showed that,
in Ge detectors, the 60 keV gammas deposit most of their energy in the first few mm
of detector material. This can exploited to compare the charge transport properties of
electrons and holes. However, these events are deposited much more uniformly in Si,
making it difficult to disentangle the charge carrier behaviors with these devices.

Because the sources were on opposite electrodes in the two 150 mm devices tested,
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Figure 6.7: Energy deposition depth for Ge and Si. Almost all 60 keV events in Ge
occur near the surface, while others penetrate farther.

the correspondence between bias field sign and dominant charge carrier is opposite. In
S1501 (S1502), the calibration sources were on the readout (bias) electrode, so positive
bias field configurations preferentially involved electrons (holes) traversing most of the
crystal thickness and thus generating the bulk of the induced signal. However, as
explained above, this is a weak effect due to the relative uniformity of calibration event
depths.

At one point, a °"Co source was placed outside the fridge to illuminate detector
S1501 from the radial direction. This was simulated using a full model of the K100
fridge geometry to understand where the 120 keV gammas would deposit energy. The
results of this are shown in[Fig. 6.8 It was found that there was a significant asymmetry
in the distribution of event positions for gammas depositing over 100 keV. This helped
us to understand other effects such as how the electric field evolved over the duration

of detector operation.



154
K100 Co sim, E>100 keV

K100 Co sim, E>100 keV

10

X pos (mm)
o
o
2 pos (mm)
)

=3
=]

@
-]

@
=]

-20

n
S

IS
=]

AR AR RN LA RN RN RRAR
1

-40

=]

-80

&
S
&
3
S
S
Iy
S
o
~
2
»
3

60 8
¥ pos (mm)

=]
T T [T [T T T [T T T [T T T[T T T [ TTT[TTT

golie Lo by LT L b L
—{\BO -60 -40 -20 0 20 40 60 80
Y pos (mm)

Figure 6.8: Simulated energy deposition locations of 120 keV gammas from external
7Co source in S1501. Simulation included the full K100 fridge geometry.

6.4.2 Charge Collection Efficiency

Both devices were used to study the amount of charge signal as a function of bias
voltage, a critical aspect of detector operation. When the crystal bias is low, some of
the e/h pairs produced when the gamma is absorbed may recombine immediately before
the bias field drifts them apart. Additionally, as they are drifted to the electrode, they
may become trapped on crystal impurities before traversing the entire crystal. Both
processes reduce the amount of drifting charge and thus reduce the induced charge
signal.

The charge collection efficiency (CCE) is defined as the ratio of measured charge
induced on the readout electrode to that expected for a given event assuming no carriers
are lost to these processes. As the bias voltage is increased, carriers are less likely to
trap or recombine leading to increased CCE and thus larger signal amplitudes for a
given interaction energy. This is demonstrated in |Fig. 6.9 where the measured signal
from a calibration peak is observed to shift with changing bias voltage.

For both detectors, the average amplitude of the 60 keV calibration line of 24'Am
was used to calculate the CCE as a function of bias field. Well-reconstructed events
were selected from the data by making cuts on quantities like reconstructed energy, x>
fit value to the templates shown in [Fig. 6.5 and timing relative to the DAQ trigger. In

the multichannel detector, S1502, we further required that there be a pulse in only a
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Figure 6.9: Shift of the 60 keV spectral line as measured by S1502 at various applied
bias voltages. Fewer charges are collected at lower bias voltages because of trapping
and recombination leading to lower CCE.

single channel and that the other channel pulse amplitudes were consistent with noise.
This ensured that we only considered events in which all carriers were drifted to a
single channel and helped reduce some of the effects of cross-talk. As discussed later
, the detector behaviour would change over time after several minutes of
operation due to charge accumulating on the bare crystal surfaces. To account for this,
the data used for CCE calculations was only taken from the first ~2-10 minutes of data
collected after applying the bias field.

The results of these measurements are shown in [Fig. 6.10] The left plot of
shows the CCE curve for the single channel detector, S1501. As discussed above, elec-
tronics issues prevented an absolute calibration of this device, so the measured points
were normalized by setting the highest measured CCE to unity. The plot on the right
shows the results from the multichannel, S1502 device. Due to space restrictions, there
was no calibration source on channel A, so it does not have a CCE curve. An impor-

tant difference for this detector is that the CCE scale has been set using the absolute
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calibration. The dominant uncertainties in that calculation were the relative size of the
vacuum gap, d, and the capacitive gain factor. This systematic uncertainty scaled all
channels by the same relative amount, so its magnitude was indicated with the orange
band around CCE = 1 as opposed to with error bars on every point. For comparison,
similar measurements from a much smaller (1 cmx1 cmx4.8 mm) device are shown on
the same axes [208]. The x axis on each plot is the bias electric field in the crystals,
calculated using Though not shown here, this quantity also suffers from the

same systematic error caused by d.
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Figure 6.10: Charge collection efficiency as a function of applied bias. Left: S1501
relative charge collection efficiency, normalized to 1 at maximum CCE. Right: S1502
charge collection efficiency curves showing lower efficiency at higher radii. The system-
atic uncertainty of the absolute charge collection efficiency scale is shown as an orange
band. Results from a smaller device shown for comparison [208].

These CCE curves all demonstrated the same qualitative behavior as a function
of bias voltage. At high fields, the CCE is 100% within uncertainty. As the field
decreases to ~ 10 V/cm, the CCE decreases because carriers are lost to trapping and
recombination. With no bias field, the carriers do not drift and no ionization signal is
produced.

The S1502 measurements appear to show a modest decrease in CCE with radius.
The inner channels, D and E, yield systematically higher CCE curves than the higher
radius channels C and B. This is likely due to either an increase in charge recombi-

nation/trapping or a decrease in induced ionization signal due to a decrease in field
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strength at high radius. Corrections of ~5% near the crystal edge are not unexpected
given the detector geometry [209]. To understand these effects in detail, more work
needs to be done to both model the field and Ramo potentials throughout the whole
detector, but to also examine the expected charge transport.

A simple model of carrier recombination and trapping to describe the shape of such
CCE curves as a function of bias and crystal thickness was presented in [208]. The
model describes diffusion of the electrons and holes in the initial charge cloud with a
characteristic diffusion length scale, L. It assumes that all carriers which diffuse less
than a field-dependent radius, parameterized as bF ~", will recombine before the bias
field, F', erodes the cloud. Those carriers will not contribute to the measured signal.
The population of carriers which escape the initial charge cloud are then drifted across
the crystal. These carriers have a chance to be trapped before reaching the electrode.
This likelihood is characterized by trapping length parameterized as, \; = cF™. This
length scale describes the loss of carrier population, IV, as a function of distance drifted,
z as , dN/dz = —N/)\;. This assumes that the trap density is uniformly distributed in
the crystal. Combining these effects with the signal reduction due to the vacuum gaps
gives the following expression for charge collection efficiency as a function of field and

detector thickness,

2 b b
14+ 2pn I pn
h+/¢d< I )eXp[ L }
h— 2bF "
bE™ 4 cF™ (1 —exp |- " 6.5

The model was used to simultaneously fit the data presented here and that for smaller

CCE =

devices of similar resistivity presented in [208]. The resistivity is related to trap density,
so these devices are expected to exhibit similar microscopic behaviours for carriers.
For this portion of the analysis, the CCE data has been renormalized to match an
extrapolated maximum CCE=1. The resulting fit curves for each thickness are shown
in and the corresponding best-fit parameters can be found in
These fits indicate that, for devices less than a few cm thick, charge collection
efficiency is dominated by trapping in the initial ~0.7 mm charge cloud, before the
carriers have drifted a significant distance from the initial event location. After the

initial charge cloud, the length scale for trapping while drifting is ~3 cm and increases



158

1.0

o
©
1

o©
(o]
!

2.24 mm (Penn) |.
Y 4.8 mm (Penn)
¢ 254 mm,E
® 254 mm,D
Y 25.4mm,C
¥ 25.4mm,B
¢ 33mm

—— Hybrid Fit

CCE (normalized)
o o
[e)] ~

0.5

1071 ' 161 102
Crystal Bias Field [V/cm]

Figure 6.11: Fitting the trapping model of Ref. [208] to combined CCE data.

approximately linearly with field strength (m=1.13). This trapping length may become
a limiting effect for crystals much thicker than ~3 cm. Not only does the trapping
exponentially reduce the measured signal (roughy as exp[—L/)¢]), but a thicker detector
requires a higher bias voltage to achieve the same electric field (F = V/L). Of course
the trapping length can also be increased by obtaining large crystals with lower impurity

and lattice defect concentrations.

6.4.3 Accumulating Counter-Bias

As the detectors were operated, drifted charges accumulated at the bare detector faces.
This accumulating charge caused a “counter-bias” field to develop over time, reducing
the effective bias field in the crystal bulk and lowering the charge collection efficiency.
When this occurred, the crystal was said to have lost “neutralization” and needed to be
reset. An example of this behavior is shown in[Fig. 6.12] After an initial period of stable
operation, the 60 keV peak was observed to fall after several minutes as the electric field

in the crystal was cancelled. As the counter-bias field grows, the effective bias field in
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Parameter Description Best Fit
b Max cloud radius at E=0 0.065 + 0.016 cm
b/L Ratio of b to diffusion length scale 0.851 £ 0.017
n Max cloud radius inverse field exponent 0.146 + 0.008
¢ Average capture length at E=0 2.76 £ 0.171 cm
m Capture length field exponent 1.13 4+ 0.081

Table 6.1: Best-fit parameters of hybrid trapping model to combined data set. Model
and parameters are discussed in depth in Ref. [208].

the crystal falls and thus so does the charge collection efficiency, following the trends
shown in When the effective bias field fell to ~5 V/cm, the measured signals
began to rapidly decrease.

While investigating the distribution of accumulated surface charge in S1501, we
compared the relative hold times of the spectral lines of internally mounted 2** Am source
and an external >’ Co gamma source. We found that the external source line, which was
preferentially illuminating the high-radius regions of the detector, was generally lost
before the internal source, which was collimated down the detector’s axis. This may
simply be due to the lower electric field in the crystal at high radius due to fringing
fields. This effect was expected to be more prominent for S1501 because the higher gap
to crystal diameter ratio makes it less like the ideal parallel plate capacitor. However, it
might also be an effect of the increased rate of charge production, and thus counter-bias
accumulation, at high radius where the 5 Co events were occurring. Because this device
did not have multiple segmented electrodes, it was not possible to directly deduce the
locations of individual events in the crystal.

With S1502, not only the 60 keV calibration peaks, but the entire measured energy
spectrum was shown to fall at the same time and rate simultaneously in all channels.
This indicated that the counter-bias was accumulating quasi-uniformly on the bare
crystal face. One reason could be that the dominant source of charge was the spatially
uniform background events, not the calibration sources (which were localized to one area
of each readout channel). An alternative was that the accumulating charge at the bare
crystal face naturally spread out evenly across the surface due to Coulomb repulsion.

In either case, the result is similar, a uniform surface charge density which increases

as charges accumulate over time. This story was encapsulated in a simple model of
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Figure 6.12: An example of the measured signal of a calibration peak in S1502 falling
over time as liberated charge accumulated on the bare crystal face field.

counter-bias accumulation. In this model, the bias across the crystal should be

h od
‘/cr - h + wd <‘/tot - 60) (66)

where o is the accumulated surface charge density at the bare crystal face(s). This
expression holds for both single and double vacuum interface devices (but with d the
sum of the two gaps), assumes uniform o, and neglects fringing fields. The accumulated
surface charge provides the counter-bias, Vo, which is defined as the effective reduction

in the total applied detector bias.
Vep = 24 (6.7)

€0

We can combine [Eq. 6.6 with the CCE curves to understand how the signals decrease

as a function of time. We first assume there is a constant rate of energy deposition in the
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detector from ionizing radiation. An estimate of this rate was calculated from the mea-
sured detector energy spectrum, calibrated linearly with the 60 keV peak and adjusted
for livetime. This yielded a rate of 90.3 MeV /s deposited for a rate of e/h production
of 2.4 x 107 pairs/s. This rate was found to be dominated by background radiation, not
calibration sources, consistent with the uniform ¢ assumption. Of course not all of the
initially produced charges contribute to ¢ as some recombine immediately and others
are trapped while drifting. But this is exactly what CCE provides a measurement of!
This simple model then assumes that charge is being produced at a constant rate, and
accumulates (with efficiency set by field-dependent CCE) at the bare face to produce a

counter-bias.

S1502 Counter-Bias Model
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Figure 6.13: An example of the modeled counter-bias development and resulting cali-
bration signal for the case of a total detector bias of 50 V and energy deposition rate
in the detector of 90.3 MeV/s. The dashed line shows the initial counter-bias slope
for illustration. The measured signal is due to 60 keV events with the effects of CCE
applied. Shown for comparison are measured 60 keV peak signals.
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An example of this model’s output is shown in where the counter-bias and
60 keV calibration line signal are plotted as a function of time. This is compared to
a measured signal from a data series with 50 V total applied bias. The counter-bias
initially grows at a constant rate (dashed line) set by the initial CCE and the energy
deposition rate. As the counter-bias becomes substantial, CCE falls, lowering both the
observed signal and the rate at which carriers accumulate at the surface which lowers
the rate of counter-bias accumulation. This must occur because, if the counter-bias
continued to accumulate at a constant rate, it would eventually become larger than the
applied bias. This can’t occur because, at some point, the total electric field in the crys-
tal will be 0, at which point the produced charges will not drift, but simply recombine at
the event site. Then the bias field will cease to evolve. The model relies on an empirical
parameterization of the average CCE curve. Uncertainty in this parameterization may
be the cause of the slight overestimation of the signal around the 40 min mark. Even
with such slight deviations, be believe the model to be consistent with the observed
data.

To quantify this signal loss in S1502, we measured the time it took for the 60 keV
line to fall to 80% of its starting value (80% hold time) as a function of total detector
bias voltage, Viot. The measured data points are compared to the results of the above
model as shown in The orange band is the 1o uncertainty associated with
the spread in individual channel CCE measurements. The model agrees well with most
of the data, especially for |Vip| > 25.

Importantly, the model shown in[Fig. 6.14 has no free parameters. The accumulation
rate is set by the total energy spectrum and the shape by the CCE curves. It is thus
compelling that it agrees well with the measured data and provides further evidence that
the model of counter-bias due to accumulated surface charge is sufficient to describe the
observed signal loss.

The largest discrepancies were observed for channel D in —25 < V;,; < 0. The source
of this deviation is not yet fully understood, but is likely related to the fact that it was
measured using DCRC RevC electronics, while the others were using RevC.1. In bench
tests, we have observed both polarity and DCRC-version dependent gain variations,
especially at lower signal amplitudes. Although efforts were made to correct for those

effects here, they may still be present at some level in this data. In the future, if such
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Figure 6.14: The measured 80% signal hold time as a function of total applied detector
bias. The results of a simple model of accumulating surface charge are seen to fit the
data well. The model uncertainty is higher at positive biases due to larger variation
in measured CCE curves at positive biases. The discrepancy in channel D at negative
biases is believed to be due to a readout electronics issue.

measurements are made again, it would be wise to take data with DCRC positions
swapped to better understand and mitigate these effects.

We can also use this result to make a crude estimate of leakage current present in
S1502. A conservative estimate is to require the leakage current be less than 10% of the
charge observed from the background event rate (i.e. that we could change the slopes
in by 10% and still have an okay fit). This corresponds to a leakage of <380
fA. This is just a factor of a few larger than the leakage noise plaguing CDMS HV
detectors, so it is not an unreasonable limit. More careful modelling and better charge

signal reconstruction could further tighten these constraints. However, this indicates
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that measurements of counter-bias accumulation over time may be a sensitive probe of
low leakage current levels, provided the background event rate is low. This technique is
powerful because it effectively integrates the current over long time scales which could
allow the measurement of low, constant leakage currents. Additionally, it can also be
achieved without sensitive phonon electronics, or even on a completely bare crystal! It
just requires that at least one crystal face, patterned or bare, be left electrically floating
so that charge can accumulate. This could allow more rapid testing of various crystal
types and interfaces with only simple charge electronics.

In the UMN setup, the design of the charge readout circuit is such that it should
operate stably as long as the NbTi detector tower wiring is superconducting (below 10
K). Even the charge signal noise is expected to be stable since it is dominated by the
JFET which self-heats to 150 K [138]. This should allow leakage characterizations, such
as described above, to be performed across a range of crystal temperatures, at least up
to the LHe bath at 4 K. This would probe a regime where leakage should dramatically
and predictably rise if due to culprits such as hopping conduction in the amorphous Si
layer [210].

6.4.4 Detector Reset with LEDs

The loss of neutralization was mitigated by periodically removing the bias field, ground-
ing the electrodes, and illuminating the detector with pulses of LED light for several
seconds in a process called “flashing” [211]. This process is also commonly used for
other SuperCDMS detector types to neutralize charge trapped on impurity sites. The
standard flashing procedure consisted of powering the LED in 100 us pulses at a rate
of 200 Hz for 30 seconds (2% duty cycle). The LED photons produced e/h pairs in the
crystal which could then diffuse to overcharged regions neutralizing any bound space
charge. Flashing typically heated the fridge by ~500 mK, after which the fridge gen-
erally needed 30 minutes to return to base temperature, at which point the bias field
could be re-applied and data taking resumed. The detector behavior was reproducible,
indicating that flashing returned the detector to the same neutralized state each time.

We made dedicated tests of neutralization in S1502 using varied amounts of flashing
from three different types of LEDs. There were IR, LEDs mounted on the inside of the
detector housing, near the sidewalls (Photonic Detectors Inc., model PDI-E940SM). We
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also installed another set of IR (Everlight, model IR25-21C/TRS8) and UV (International
Light Technologies, model E305SL) LEDs on small PCB chips mounted on the electrode
face.

Both types of IR LEDs had similar spectra peaked at 940 nm (1.31 eV) which is
above the Si indirect band gap (1.12 €V) but below the direct band gap (3.4 eV), but
there was a difference in their packaging. The IR LEDs on the detector housing were
specially ordered and totally bare diodes, not packaged into an SMD chip. This actually
required them to be connected to using special conductive epoxy and wirebonds. By
contrast the IR LEDs on the electrode were solder-mounted devices with a clear plastic
lens. The UV LED spectrum was peaked at 310 nm (4.0 eV) which is higher than the Si
direct band gap. These LEDs also came with a clear plastic lens. After each flashing, a
10 V total detector bias was applied for data collection. With a standard flash, this 10
V bias provided an 80% hold time of 6 minutes. We considered this condition as “full
neutralization”. We varied the following parameters in our studies: LED type, total
flash time, LED pulse rate, and LED pulse width.

summarizes the results of these flashing tests by comparing several param-
eters. The total amount of time the LED was on during flashing (the product of total
flash time, pulse rate, and pulse width) should be proportional to the total amount of
ionizing energy emitted. The temperature increase in the detector housing can be used
as a proxy for the LED power usage. The LED’s power is either converted directly
to Joule heat in the chip or to light, which eventually gets absorbed by the crystal or
detector housing. In either case, the total power is eventually converted into heating the
detector tower. The lower plot shows the increase in tower temperature during flashing
and demonstrates that the total “LED ON-time” was well correlated with LED power.
Assuming that each LED had a relatively constant efficiency, it is then clear that this
also correlated with LED light output. The upper plot of shows that both
types of IR LEDs provided full neutralization for total ON-times above ~ 1 ms. In con-
trast, the UV LEDs did not neutralize any better than simply grounding the detector
without flashing even though they seemed to be emitting the same amount of power.

Another important observation was that grounding with no flashing at all also neu-
tralized the detector. Grounding for 5 minutes produced partial neutralization (4 min

hold time) and grounding for 25 minutes produced full neutralization (> 6 min hold
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time). It is not unexpected that simply grounding provides some neutralization because
there is a constant background event rate in the detector which liberates carriers that
also help neutralize the detector. However, it seems that using the UV LEDs may have
resulted in hold times that were somewhat shorter than without them. This is not
yet fully understood, but one possible explanation may be that part of the UV LED
spectrum extends up to ~ 4.3 eV and is able to produce photo-electrons from the Al
electrode since the Al work function is 4.1-4.3 eV [212]. If this process occurs with
reasonable efficiency, it could cause such electrons to accumulate on the bare crystal
face during flashing, before the voltage bias is even applied. This could be tested by
repeating the above tests as before, but instead applying a negative voltage bias for
data taking. If there are indeed an initial distribution of electrons there, it will affect
the effective bias and increase both the signal amplitude and hold time.

The difference in neutralization properties of the IR and UV LEDs may also be
related to the penetration depths of the different photons into the Si crystal. If the
photons are absorbed very near the crystal surface, the carriers produced may be less
likely to neutralize the crystal by diffusing to trapping sites in the bulk material, but
instead simply recombine near the surface. The absorption coefficients for UV and IR
light (at room temperature) are ~10% cm™ and ~10% cm™ respectively [213]. The UV
energy is greater than the Si direct bandgap so it is absorbed much more readily, with
most of the UV energy being deposited within ~10 nm of the surface. The IR light,
on the other hand, can only liberate carriers across the indirect bandgap of Si which
also requires a lattice phonon, making it a less frequent interaction and increasing the
IR penetration depth. At cryogenic temperatures, the decreased phonon population
further lowers this likelihood, increasing the IR penetration depth to more than 10 pm.
It is possible that this difference in photon absorption profile means carriers freed by
UV light would (on average) diffuse further to neutralize the crystal bulk, making the
UV process less efficient.

The flashing and cool down process for these devices generally took 30 minutes.
Given hold times of 10 min — 1 hr, this was a significant component of the detector’s
operational duty cycle at the test facility. If operated in a low-background environment
such as SNOLAB, the detector hold time would be longer by a factor proportional to
the total energy deposition rate and could easily achieve duty cycles of >90% if operated
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with Vie: > 50 V.

6.5 Conclusions and Acknowledgements

The work here showed that large Si crystals can exhibit CCE comparable to smaller
devices, though effects of trapping may become a problem for still larger devices if the
crystal purity is not improved. Additionally, we showed that contact-free electrodes can
be used alone, or in combination with traditional sensors on the crystal. This type of
detector geometry has some limitations due to the accumulating counter-bias, it can also
provide an avenue for rapid testing and prototyping of different crystal types without
the need for more complicated electronics.

This projects described in this chapter began before my tenure with the UMN Su-
perCDMS group. Much of the design work for the detector, housing, fridge modifica-
tions, and electronics was carried out by my predecessors A. Kennedy, H. Chagani, and
J. Zhang. That work was described in A. Kennedy [214]. I developed the HV circuitry
for this detector as well as a set of miniature LED boards mounted in the detector
housing to study the efficacy of both UV and IR light at neutralizing the detector.
A. Kennedy, M. Fritts, and myself were the key contributors to the subsequent analysis
and publication efforts. The main scientific results of testing these detectors were pub-
lished in [I63], where acknowledgement is given to additional, invaluable personnel at
UMN and Texas A&M.
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Figure 6.15: Upper: IR LEDs on both the electrode and the housing provided full
neutralization over a wide range of total on-times. Housing LEDs performed a little
better, providing full neutralization with shorter ON-times. UV LEDs did not neutralize
any better than no flashing. Lower: Temperature increase of the housing was a good
predictor of whether the detector neutralized completely for IR LEDs. Although they
seemed to be providing similar power, the UV LEDs were not observed to help neutralize
the detector.



Chapter 7

Low Energy NR Calibration

SuperCDMS is increasingly relying on the NTL gain of HV detectors to decrease the
measured energy threshold and observe lower energy events. The total phonon energy
generated in a detector for a recoil of energy Epg is

Eiot = ER <1 + Y(ER)ZV> (7.1)

¥

where Y (ER) is the ionization yield (defined to be 1 for ERs and < 1 for NRs), V
is the detector bias voltage, and e, =~ 3.0(3.8) eV in Ge(Si) is the average energy to
produce an e/h pair [129, 130]. Increasing V amplifies the total phonon signal, but
makes it increasingly degenerate with the charge signal energy, Eg = ErY (ERr). This
method thus sacrifices the simultaneous charge and phonon measurement (which, in
iZIP detectors provides ER/NR discrimination) for a highly amplified measurement of
the charge signal via phonons.

Without event-by-event ER/NR discrimination, measured energy spectra are in gen-
eral a combination of ER and NR events and it becomes essential to know the ionization
yield down to low energies to correctly model the observations. As described in
there is generally significant tension in current measurements of Y for both Ge and Si,
some of which may be due to the variety of detector types and operating temperatures
used. Additionally, there are very few measurements for Fr < 1 keV, and none made
using the same bias field strength and mK temperatures employed by SuperCDMS.

Before we get too much further, there are several related energy scales we will

discuss in this work. The first is Fy,, the total phonon energy produced for a given

169
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event; this is the signal our phonon sensors measure (up to a constant factor of phonon
collection efficiency). However, because E, depends on detector bias, we generally
calibrate the phonon signal to the equivalent recoil energy for ERs using e.g. known
24 Am gamma lines. This calibration results in an “electron-equivalent” energy scale,
Eee = Eior/(1 4+ %), which we denote with units of eVe.. For ER events, E.. = ERg,
so we recover the initial recoil energy. However, the total phonon energy of an NR
event of the same recoil energy will be reduced because Y (Eg) < 1. Without ER/NR

discrimination, we can not identify an individual event type and will reconstruct such

|4
o)

an event to have an electron-equivalent energy of E.. = Er(1 + Y(ER)%) /(1 +
which is less than E'r. So to understand how our detector will respond to NRs, we must
map out Y (ER).

Now, one reason for a dearth of such measurements is that there are few suitable NR
calibration sources. The current lowest energy yield measurements in Si were performed
by fitting the quasi-exponential recoil energy distribution of neutron-nuclear elastic re-
coils caused by a photo-neutron source [215]. This type of measurement is relatively
simple to carry out, but relies on detailed modelling of neutron transport to simulate
the correct neutron energy flux at the detector. It also requires fitting of the resulting
model to a featureless exponential energy spectrum, which results in significant cor-
relations between derived yield values at different energies. Another method which is
currently being undertaken by SuperCDMS is to use a neutron beam of fixed energy
to scatter neutrons off the target detector and into an array of backing detectors. This
way, coincidence between detectors can give individual recoil energies via simple scat-
tering kinematics. In principle then, each scatter observed at a given angle becomes an
independent probe of the yield at a given energy. This work is promising, but requires
substantial infrastructural and technical investment because one must deliver the entire
cryogenic setup to a suitable neutron beamline. SuperCDMS is also investigating a
crude alternative to this whereby the neutrons are produced at the cryogenic setup us-
ing a D-D neutron generator and measured by custom backing detectors. The principle
here is the same, but the neutron energy magnitude and spread are both higher than
at a beamline.

An alternate method which was recently proposed is to use the nuclear capture

of thermal neutrons and subsequent nuclear de-excitation, i.e. (n,7) reactions on the
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detector nuclei. Some of these occur by emitting an O(10 MeV) gamma [216], which
results in the nucleus recoiling with energy Er ~ E’% /2mc?, where m is the nucleus mass.
In Si and Ge, this process gives Er < O(1 keV), right where measurements of NR yield
are sought! The process may be difficult to identify, but coincident measurement of
the escaping gamma could help isolate it from backgrounds. This chapter presents a
proof-of concept of the use of such (n,) reactions to produce and measure low energy
NRs using a prototype SuperCDMS SNOLAB detector. The experiment highlighted
here was performed during the summer of 2018 in UMN R68. A publication describing

the main results is currently in preparation.

7.1 Experiment

For this experiment we operated a prototype SuperCDMS SNOLAB Si HV detector [217]
using SuperCDMS Soudan SQUIDs and cold hardware [I138] modified to reduce phonon
readout noise. The neutron source was a strong PuBe source (1.4 Ci o, 62 pCi n) shielded
by a paraffin barrel. The detector cryostat was also shielded on three sides and from
below by 8” of polyethylene slabs and on four sides by 5/8” thick lead panelling. The
paraffin and polyethylene served as moderators to thermalize the neutrons. Additionally,
a 1’ thick lead wall was placed near the PuBe barrel to block direct MeV gammas
from the PuBe source. Two 8” diameter by 8” thick cylindrical Nal detectors were
also mounted near the cryostat to search for coincident capture gammas. A top-down
diagram of this arrangement is shown in [Fig. 7.1

A 21 Am calibration source was mounted in the HV detector housing. This source
has a primary gamma emission energy of 60 keV and multiple secondary lines between
10 — 30 keV. A 66 mil thick lead disk with an 18 mil hole collimated the source gammas
and restricted the emission rate. A strip of Kapton tape placed over the collimator
blocked alpha emission and low energy (< 3 keV) gammas.

An FPGA on the DCRC was programmed to monitor the HV detector phonon
signals in real time and issue triggers. A simple trigger quantity was calculated as the
difference between the average signal in a 4 us trigger window and the average baseline
value in the preceding 12.8 pus. If this quantity exceeded a threshold value on one of

three selected phonon channels, A(outer), C(mid), or F(inner), a trigger was issued and
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Figure 7.1: Top-down diagram of source and detector arrangement for neutron capture
calibration study (not to scale). Cartoon of neutron thermalization and capture shown
in green with resulting gamma emission in orange.

a 3.2768 ms trace around the trigger time was digitized for offline analysis. The trigger
threshold values were set as low as possible given the sensor noise without completely
overwhelming the DAQ system with a high rate of triggers. During some periods of data
taking, the DCRC trigger rate could exceed the rate which the DAQ could handle. In
this case, so called “stale” triggers which were not digitized in time would be dropped in
an energy-independent manner. This lead to a finite DAQ efficiency which we accounted
for in later analysis. At the beginning of each data series, a set of 1000 traces at random
trigger times were selected and read out before the threshold triggering algorithm was
enabled. These random triggers were primarily used to calculate noise spectra used in
pulse fitting, but were also crucial in evaluating various analysis and DAQ efficiencies.

During the course of this experiment, we took many types of data with a range of
bias voltages and external radiation sources to characterize and optimize the detector
operation. In the end, the most useful datasets were all taken at a detector bias of -125
V. Note that this device was operated in so-called CDMS-lite mode, wherein one face
of the detector was only used for biasing while the six phonon channels on the opposite
face were held at ground and read out. We took three types of data in this mode;
Background (Bkg) data which consisted of only the room background radiation and the
241 Am source located in the detector housing, ?2Na (Na) data where we also placed a

strong 2?Na source inside the lead shielding to search for Compton scattering signals,
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and PuBe (PuBe) data in which we introduced the shielded PuBe source to produce
thermal neutrons. In all, we operated the detector for 29.5 hours of Bkg, 81.7 hours of
Na, and 97.8 hours of PuBe data, although the actual livetimes were only 60 — 80% of
these values due to the DAQ efficiency.

7.1.1 Noise

The detector energy threshold was limited by noise in the phonon signal. At 0 V,
the Johnson voltage noise on passive components in the phonon circuit dominated the
noise. This was reduced by lowering the TES shunt resistors as far as possible while
maintaining stable operation. However, as described in a source of bias-voltage-
related noise quickly becomes dominant when a bias voltage of ~10s of V is applied.
Such noise is present to some extent in many devices and is associated with some
sort of charge leakage through the detector. The fundamental mechanism, however, is
still being investigated by SuperCDMS and other collaborations. The Ej,; noise levels
measured in R68 are shown in the left side of as a function of detector bias
voltage. As commonly observed, there was a substantial difference in noise level with
bias polarity. For the main data taking, we selected a bias voltage of -125 V as it
optimized the noise width. That is to say, it was where the increase in signal due to
NTL gain began to be overtaken by degradation from increasing leakage noise. This
can be seen as the minimum point of the plot on the right side of where the
noise has been calibrated to eVee. This choice of bias voltage provided an NTL gain
for ERs of Gy7r, = 1+ €eV/e, =1+ 125/3.8 =~ 34. In both plots, we also show the
expected scaling of two measurements of the noise at 0 V, assuming that no additional

noise sources entered.

7.1.2 OF Templates

Because the expected signal was very near threshold (~100 V), the Optimal Filter
(OF) template shape was important. To construct the templates we selected 716 events
from a range of times throughout the data run. The pulses were selected from events
with energy between 0.1-4 keV.. which passed basic data quality cuts. These pulses

were aligned to have the same start times and an average pulse shape was calculated
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Figure 7.2: R68 noise width as a function of HV bias in units of total phonon energy
(left) and electron-equivalent energy (right).

for each of the six phonon channels and used as the OF templates. A total phonon
pulse, PT, was also calculated for each event by summing the six traces together with
relative weights ranging from 0.65 — 1.3, which were calculated to account for variations
in intrinsic channel gains found from I, — I, analyses as described in An OF
template was calculated from the average PT pulse as well and OF fits of the PT pulses
were used as the main energy estimator.

The detailed pulse shapes of the final templates are shown in the left side of
The 0.8 ps width of each time bin is set by the DCRC sampling time. The pre- and
post-pulse baselines are generally flat to within less than 1% of the peak height. This is
much smaller than the average baseline-shift to pulse-height ratio of ~50% of the weakest
channel (PD) near threshold (~0.1 keV). This helps ensure that the OF algorithm fits
the template to a pulse in the raw trace, as opposed to fitting any sloped baselines. In
high-rate data, there can be a substantial baseline slope for some events when falling on
the tail of a larger pulse. If the baseline change over the trace length is comparable to
the pulse height and the template has a sloped baseline, the lowest fit x? can be found by
matching the template to the baseline instead of the pulse. The flat template baseline
prevents such shenanigans. There are small oscillations visible on the falling edges of
some templates, particularly the inner-ring (PC — PE) channels. This is the result of
electrothermal oscillations, the effect of which were minimized by selection of channel
operating points, but which were still present to some degree. The right side of
shows an example of the OF fit to a 456 eV, PT pulse. To speed up computational
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time, the start time was required to fall within a 100 us “OFdelay” window around the

trigger time.

— Raw PT
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Figure 7.3: Left: R68 OF templates with electrothermal oscillations are visible on the
falling edges of some channels. Right: Example fit to a 456 eV PT pulse.

7.2 Data Analysis

7.2.1 Baseline Correction

TES gain changes with position in the transition. If the TES is still cooling after a
large pulse, the sensor baseline will be elevated and the gain will be lower than at the
quiescent bias point. The left side of shows this effect by plotting variations
of the central channel, PF, baseline as a function of measured OF amplitude of the
PT pulse, PTOFamps. The tilted calibration lines indicate that pulse amplitudes are
reduced when the baseline is elevated. These lines allow a simple linear correction factor

to be included for this effect, the result of which is shown in the figure on the right.

7.2.2 INTall Baseline Slope Correction

The current SuperCDMS pulse processing code calculates a trace integral of the baseline-
subtracted PT pulse, a quantity named PTINTall. This is generally useful when identi-
fying pileup events. However, if a pulse is on a sloped baseline, such as when falling on

the tail of a larger pulse, the baseline will be over-subtracted, leaving much of the pulse
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Figure 7.4: R68 baseline correction in background data. Left: Uncorrected pulse am-

plitudes vary with baseline value. Right: Simple linear correction removes slopes in
calibration lines.

negative and reducing the calculated integral. To correct for this, the pre- and post-
pulse baseline quantities, BSpre and BSpost respectively, were used to infer the slope
upon which the pulse is sitting and a factor was added to the integral which adjusts for
the “extra” area due to the sloped baseline.

1g. 7.5 is a diagram of this idea. A pulse on an exponentially sloped baseline is
shown in blue. It has been baseline subtracted so that the pre-pulse baseline is at 0.
The orange shading shows the areas which contribute to the INTall quantity with those
below the axis giving negative contribution. If the slope is large enough this can even
result in a negative integral for a trace containing a positive-going pulse. The red line
shows the correction factor suggested, it is simply the area of the triangle formed by
the pre- and post-baseline averages and the trace length. The corrected quantity is
named PTINTall_bscorr. While this factor is not perfect, it is a definite improvement
on the standard INTall value. For highly sloped baselines, such as in the toy example
shown above, the correction factor may be large. If the baseline is quite flat, it will be
correspondingly small. As described, the correction is only made for pulses with a lower
post- than pre-pulse baseline. For example, random noise may cause the end of the
trace to be slightly higher than beginning even for a good pulse on a very flat baseline,

in which case no correction is needed.
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Figure 7.5: INTall sloped baseline correction. The sloped baseline would otherwise
drastically reduce the calculated pulse integral.

7.2.3 Data Quality Cuts

A series of standard quality cuts were performed on both the PuBe and background
data to remove undesirable events. These are such things as pileup events, electronics

glitches, or poorly reconstructed pulses. Each cut is described in detail below.

Baseline Cuts

Events were cut if the pre-pulse baseline average or variance was excessively high. Both
of these quantities were calculated using 320 us of data in the region of the trace well
before the DCRC trigger time. The variance cut was developed to remove a class of
events which triggered twice. This occurred because, for sufficiently high energies, the
falling edge of a pulse would oscillate and satisfy the trigger condition a second time,
while the bulk of the pulse was in the pre-trigger region. Using a loose cut on the pre-
pulse standard deviation quantity for channel F, named “PFstd”, helped remove these
events. However, it is not expected to have an energy-dependent efficiency on the true

spectrum, it is only removing events that would have been double-counted otherwise.
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Because the phonon signal is generally shared between all channels, it is sufficient to
use a single channel to make this cut. The left side of shows the distribution
of PFstd as a function of the total phonon integral. Events above the cut line have
anomalously high pre-pulse standard deviations and were removed.

Another simple cut was made on the average PF baseline quantity. This is the same
quantity used in here we simply placed an upper limit on baseline variations
which were considered for analysis. This cut helped remove events which fell on the
tail of an earlier pulse. The right side of shows the variation in PF pre-pulse
baseline quantity as a function of total pulse amplitude. The most prominent feature
is the band of high energy (230 keV) events which reconstruct to much lower energies
when on a high baseline. Because the baseline variation is uncorrelated with the true
energy of the triggered event, a constant cut threshold was used. The location of the
cut was selected to identify the upper band of high energy events for energies below

~20 keV and remove them from analysis. The same cut value was used for all datasets.
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Figure 7.6: R68 baseline standard deviation cut (left) and baseline variation cut (right).

This cut also removed a class of retriggers which could leak past the baseline standard
deviation cut above. Some retrigger pulses are very saturated and have a flat pulse top.
If this flat top takes up most of the pre-pulse baseline region, it can have a low PFstd.
However, it will also have a very high PFbs and thus be removed by this cut. So the
combination of these two cuts serves to remove both retriggers and pulses on large tails.
Because they are defined using data that occurs well before the triggered pulse, these
cuts are independent of the triggered pulse true energy (though not the reconstructed

energy) and thus should have a constant cut efficiency.
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OF /Integral consistency cut

Pileup events can distort the measured pulse amplitude. Three cuts were used to remove
such events. The first relied on the ratio of OF amplitude to pulse integral. Because the
pulse shapes were roughly constant, the ratio of integral to OF amplitude proved a good
measure of the presence of multiple pulses in a trace. This identifies pileup because the
integral includes all pulses in the trace while OF just fits one in the OF search window.
As shown in this cut was defined in the OF amplitude vs. integral plane. To
make the cut less subjective, vertical slices of the INT-OF plane were fit with the crystal
ball function (gaussian with a power law tail defined in Appendix D of [218]. The slices
were taken over 20 evenly spaced windows from PTOFamps = 0.1 to 16. Then, the set
of points 30 above each fit mean were all fit with a quadratic function to define the cut
threshold. The y-intercept of the function was fixed at a corrected PT integral of 1074
because the noise wall tended to make this fit parameter unstable. The resulting cuts
were used to remove events with relatively high OF /INT ratios.

At energies above ~20 keV, TES saturation became significant and the OF quantity
also saturated. The 60 keV line is heavily saturated and can be seen at PTOFamps ~ 24.
Some effort was made to include the beginning of this saturated region in the OF /INT
cut, but it eventually cuts off these saturated events and an upper analysis threshold
is later set far below this region. The calibration lines all fell below PTOFamps = 20
on these plots. The resulting cuts remove events with relatively high OF/INT ratios.
Events which fall above the band are generally pileup, the trace integral being too large
given the triggered pulse amplitude. Events below the band, however, are generally good
pulses with the remnant of a small pulse tail in the prepulse. This gives an elevated
baseline, even lowering the corrected integral quantity. However, such events also come

with elevated OF fit x? value, and will be removed by a later cut.

OFdelay/WKr50 Timing Cuts

A second type of pileup cut was made using the pulse timing quantities PTOFdelay
and PTWKr50. PTOFdelay is the amount of time shift between the template and

measured pulse as calculated by OF (¢ in [Eq. E.8). As explained in the

OF algorithm finds the best fit within a preset window of ¢y values around the DCRC
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Figure 7.7: PT integral versus function of OF amplitude for PuBe data. Events above
the red line are identified as pileup and removed. Left: Focused on the signal up to
~4 keVee and Right: showing the full energy range, including saturated pulses. The 60
keV peak is visible at PTOFamps ~ 24.

trigger time. We placed an analysis cut to exclude events which have OFdelay values
at either edge of the allowed window. This is designed to catch situations where there
is a larger pulse partially outside the window which the OF is trying to fit. This sort of
pileup would also be removed by a cut on fit x? (see below), but we included
it here to better understand the nature of different event types being removed from
consideration.

For the final pileup cut, we required a loose consistency between the timing values
of PTOFdelay and PTWKr50, the time of the 50% rising pulse edge of PT, calculated
with the RTFTWK algorithm [I42]. This removes many noise events as well as other-
wise good events with a pileup pulse in the final few bins of the trace which can leak
through the OF-INT consistency cut. This cut was also needed to ensure the RTFTWK
algorithm fit the same pulse as the OF algorithm and is required for later glitch removal
cuts. In only events inside the four lines were retained.

Glitch and Spiky Cuts

Two populations of odd events were found when setting standard quality cuts. One
type was identified as DCRC readout glitches. For these, it appears that a portion of
the trace is from some other, unrelated location in the DCRC memory buffer. Later
bench tests have confirmed that such glitches occur rarely for some DCRCs, although

the exact cause has not yet been determined. An example of this effect is shown in the
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Figure 7.8: Relative pulse timing cuts on PuBe data. The two cuts remove events for
which either the OF did not fit a pulse near the trigger time or for which the OF and
RTFTWK timing quantities were inconsistent. The vast majority of good events lie in
the small blob near PTWKr50 = 425 us and PTOFdelay = 10 us.

left side of where two channels contain anomalous data points.

The other type is a train of “spiky” pulses which were observed only in the first part
of the PuBe data taking campaign. Due to its transience, this was assumed to be an
unidentified noise source coupling to the electronics. Examples of phonon signals from
such events are shown in the right side of There, we observe a train of pulses
with very short (< 50 us) fall times across several channels. Both of these populations
were identified and removed using their fall times which are so fast as to be unphysical
for true phonon signals. The fall times were calculated as the time from the maximum
of the PT pulse (PTWKr100) to the time it fell to 20% of this max (PTWK{20).

In we show the distribution of these fall times as a function of OF amplitude.
Good events form a band at fall times of about 110 us. The “glitch” events appear as
a band near 7 us and the “spiky” events at around 25 us. The spiky events were most
prominent in PuBe datasets 1 and 2 (shown on the left), though there are a handful in
the later data as well. Events falling below the black and red lines fail the glitch and

spiky cuts respectively, and were discarded from further analysis.
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Figure 7.9: Phonon traces for glitch (left) and spiky (right) events.
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Figure 7.10: PT fall times as a function of PT amplitude for PuBe datasets 1 and 2
(left) and 3 and 4 (right).

OFchisq Cut

The goodness of the OF fit is quantified with the PTOFchisq quantity which contains
the frequency-domain fit x? value defined in As described in we
expect Y2 = N, samples = 4096 for a good fit. shows the distribution of x? values
as a function of PT pulse amplitude. We can see that low energy pulses generally have
x? values close to the ideal value, but they eventually worsen at higher amplitudes as
TES saturation effects change the pulse shape to be different from the template. The
cut was defined to include the main band of events in all three data types (PuBe, Na,
and Bkg). It is shown as the red line, with all events above the line being removed from

analysis.
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Figure 7.11: OFchisq for PuBe data. Left: Low amplitude (< 1 keV) pulses have near
ideal x2. Right: At higher energies the pulse shape starts to change from the template
and x? correspondingly increases.

Low Emnergy Trigger Burst Cut

The final quality cut was made to remove a class of low-energy trigger bursts which were
discovered in this data. These were first observed as an unexpected low-energy hump
in Na calibration spectra but were also present in the PuBe data to a lesser extent.
The events were found to come primarily in relatively short bursts during periods of
~ 100 ms. These sort of bursts can be seen as vertical stripes in [Fig. 7.12| where the PT
amplitudes below ~500 eVee of a subset of triggered Na events are plotted as a function
of event number (order in which events occurred). The scale of the y-axis is roughly
equivalent to 500 eVe, so these events occur just above the 50 eVgenoise threshold and
appear in correlated clumps unlike what one would expect from an uncorrelated set of
random processes. The physical source of these bursts is not yet understood, and they
are a source of ongoing study in this and other devices (more on this in. However,
for the purpose of this analysis, they were not included in any of our current physical
models and thus we sought to exclude them.

Ideally we could calculate the true rate at which such triggers are occurring and
remove time periods with elevated rates from analysis. However, the trigger rate was
generally higher than the DAQ software could handle so some triggers were randomly
discarded during data taking. Thus the actual rate of events digitized and saved to
disk is lower than the trigger rate. To further complicate matters, the efficiency of
this discarding process varies with triggering rate. When there are more triggers to

handle, the DAQ becomes even less efficient. Additionally, our DAQ does not store a
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Figure 7.12: Low energy trigger bursts in Na data.

high fidelity global event time with each trigger, so we cannot use the relative timing
of events to identify bursts. Instead we simply use their proximity in triggered event
number, dN. As defined, dN = 1 for a pair of sequential events.

The DAQ discards triggers in a manner uncorrelated with event amplitudes (it in
fact only has access to the trigger times and nothing else before deciding which events
to save to disk). Thus the saved event amplitudes should be uncorrelated with order of
occurrence. If we then divide the events into two categories (here events in/out of the
50 — 1000 eV ROI), the distribution of said categories should be binomial if they are
produced by random processes. In particular, the probability of two ROI events having

dN — 1 non-ROI events between them should follow
P(dN|p) = p(1 — p)*N~* (7.2)

where p is the probability of any single event being in the ROI. Assuming the overall
rate of bursts is relatively small, the presence of bursts will be seen as a deviation from
this behaviour at low values of dN. This is precisely what is demonstrated in the left
panel of where we have histogrammed the distribution of dN values occurring
in the PuBe data. The orange line is a fit of [Eq. 7.2] As expected, the fit is quite good
except for the excess at low dN (inset) due to the burst events.

It is then natural to cut events with low dN values to remove contamination from
burst events. The cut was defined to remove pairs of events associated with any dN <
dNy. The effect on the PuBe energy spectrum of using successively higher dNVy values is
shown in the right panel of After a certain point, the spectral shape converges,

indicating the burst events have been essentially eliminated.
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Figure 7.13: Left: dN distribution with fit. Excess due to bursts shown in inset. Right:
Effect on PuBe spectrum of successively stronger burst cuts. Note y-axis is log scale to
demonstrate that spectral shape converges for cut levels larger than ~ 20.

With this cut definition and the assumption that bursts are relatively rare, the cut

efficiency can be calculated as

ef fBurst = P(AN > dNy|p)? = (1 — p)?*N (7.3)

A cut level of dNg = 20 was selected for the PuBe dataset because it was where
the passage fraction of subsequent cuts was consistent with the theoretical efficiency for
good events. The cut only removed events between the 50 eV analysis threshold and
1 keVee, where the resulting efficiency was 0.8933 4+ 0.0006 and the estimated leakage
fraction was 0.0007 4+ 0.0065. Outside of 50 — 1000 eV, the efficiency of this cut was
thus 1. The dN distribution of the Bkg dataset was consistent with having no burst

events, so this cut was not applied to it.

7.2.4 Cut Efficiencies

The efficiency of each cut was estimated and the results are shown in for both
Bkg and PuBe datasets. The tail, pileup, and trigger burst cuts were constructed so
as to be independent of the energy of the the triggered event. The tail cut efficiency

was calculated from the passage fraction of randomly triggered traces and was found to
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be 0.820 + 0.001. For the pileup cut, 2.7% of triggered events were estimated to have
pileup based on the rate of pulses in randomly triggered traces. The pileup cut passage
fraction was 0.965 4+ 0.001, indicating that it was slightly stronger than necessary as it
removed 3.5% of the triggered events, so it was assumed this cut was working well and
the efficiency for signal events was also assumed to be 0.965 £ 0.001. The trigger burst
cut efficiency was estimated from the passage fraction of events in an energy sideband.
It was found to be 0.989 4+ 0.001. The spike cut efficiency was energy dependent. It was
calculated as the passage fraction for PuBe datasets 3 and 4, which were relatively free
of such pathological events. The x? cut selected the best-fit pulses, it did not remove
any other known pathologies. As such, we assumed it operated on a set of real events,
so the passage fraction of this cut is also the cut efficiency. Statistical uncertainties
were included in the cut efficiency calculations. Each efficiency was calculated starting
relative to the event population after applying all prior cuts, so the total cut efficiency
is the product of the individual cut efficiencies. To average over statistical variations, a
smooth function was fit to the total cut efficiency curves and was used for subsequent
analysis. As can be seen in an uncertainty of fixed-width was assigned so as
to encompass the full range of variation observed. The uncertainty for background data
was larger because the dataset had lower statistics and thus higher relative statistical
uncertainties.
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Figure 7.14: Estimated cut efficiencies for PuBe (left) and Bkg (right) datasets. Best-fit
analytical function and uncertainty are shown as the black and gray band respectively.
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7.2.5 DAQ Efficiencies

There were two known sources of inefficiency in the DAQ system. The first was the
efficiency of the triggering system described in We only triggered on some
channels so events which had low energy or which were located far from a triggering
channel may not have passed the trigger condition. The efficiency of this process was
calculated by simulating the triggering on fake events. Fake events were constructed
from scaled pulse templates added to real pulse-less noise traces selected from the set of
randomly triggered events. The correct distribution of relative channel amplitudes was
used by drawing from 325 prototype triggered events between 0.5 and 1 keVee, where
the trigger efficiency was assumed to be 1. Fake events were constructed at 32 energies
between 0 and 0.5 keVo, which were then passed through the triggering algorithm. The
trigger efficiency was calculated as the fraction of fake events which did not trigger on the
pure noise trace, but which did trigger when a pulse was injected. This procedure was
repeated for a set of 1500 noise traces and prototype events selected from throughout the
whole dataset. The uncertainty was dominated by systematic effects of using different
sets of noise and prototype events. The resulting simulated trigger efficiency curve can
be seen in

The DAQ system also suffered from a “write efficiency”. This is the efficiency with
which triggered events are actually read out and saved to disk. The DCRC has a ~3
second buffer for which it maintains a list of triggers. The DAQ computer periodically
polls the DCRC for this list and begins to request the portion of the buffer around each
trigger point. The DCRC then transmits the relevant portions of its buffer to the DAQ
computer, which then saves the data to disk for later analysis. Due to various latencies in
this chain, data in the buffer may be overwritten before it can be transmitted. The DAQ
system recognizes when this occurs and can drop remaining trigger points which the
buffer has overwritten. When the rate of triggering is high, this occurs more frequently.
This process effectively reduces the detector livetime from the nominal experimental
exposure time.

The efficiency of this process can be estimated again using the set of random triggers
in each data series. The true rate of events in the detector can be calculated from
their frequency of occurrence in randomly triggered traces. Comparing this to the rate

of triggered events saved to disk gives an estimate of the write efficiency. This was
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Figure 7.15: Trigger and write efficiencies.

calculated using events with energies well above the detector noise so there were no
trigger efficiency effects involved, and there was practically no change of missing a pulse
in a randomly triggered trace. The calculated efficiency was assumed to hold for all
events due to the energy-independent nature of the trigger dropping process. This
efficiency was calculated individually for each series and the average values were found
to be 0.617 +0.004 (0.815 £ 0.004) for the PuBe (Bkg) datasets used in this analysis.
One could think of this as an effective livetime efficiency. However, we instead calculate
the experimental livetime as the total detector exposure time and take into account
effects like this DAQ efficiency and pileup effects only when considering the measured

data.

7.2.6 Energy Calibration

Energy calibration of the total phonon signal to the ER scale was performed using several
low gamma-ray and fluorescence lines associated with the 2! Am calibration source.
shows the background spectrum used for calibration. A similar spectrum was
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used to calibrate the PuBe data, but the calibration lines were more obscured by the

increased PuBe-associated event rate.
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Figure 7.16: Calibration lines in the background energy spectrum. Figure produced by
M. Fritts.

The rich set of calibration peaks was also used to develop the detector resolution

model. This was defined as
02 =0} + (B + e, F)Ee (7.4)

where o¢ is the baseline resolution, F' is the Fano factor [I31], and B incorporates any
additional detector resolution effects. The widths of the identified ER calibration lines
and baseline were measured and used to determine the best-fit values of o = 10.27
eVee and B = 1.77 eV as shown in The lines shown as black points were not
included in the fit because they were anomalously wide. The 12 keV gold fluorescence
line was widened by a nearby ?*'Am line. The 17, 21, and 25 keV lines were all the
left line of a double/triple set of lines, and all seemed to have extra low-energy tails.
These tails were likely either associated with the same near-surface effects discussed in
or due to regions of the detector which had reduced NTL gain due to electric

field variations.
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I describes the smearing of the signal due to the statistical variation in number of
e/h pairs produced in each event which can, in general be different for ERs and NRs.
For this fit, we used a value of F=0.1161 [132] since all peaks were from ERs. In later
analysis, we describe the resolution using these fitted og and B parameters along with

an F' value appropriate for the event type.
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Figure 7.17: Detector resolution model fit to Bkg spectrum. In this parameterization,
“res0”=0( and “Fano”=B/ey + F. Only blue points were included in the fit. Figure
produced by M. Fritts.

7.2.7 Nal Detectors

The original conception of this (n, ) experiment also included the observation of ~MeV
escape gammas observed in external Nal detectors. The coincidence of signals in the Nal
and HV detectors would bolster the identification of signals in the HV detector as nuclear
recoils of particular energies. For UMN R68, we operated two 8" diameter, 8” thick
cylindrical Nal detectors mounted near the cryostat and read out with photomultiplier
tubes (PMTs). Unfortunately this arrangement only provided a low solid angle (~
1%) coverage of the HV detector so it was not practical to use them for coincidence

triggering and we did not have high enough statistics to observe a significant coincidence
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population.

However, this run allowed an opportunity to develop and tune the Nal operation
and coincident readout arrangement. In order to digitize the Nal signals using the
MIDAS DAQ), they were fed into a spare DCRC to be digitized and synchronized with
the HV detector signals. Because Nal signals are much faster (~ ns) than the 1.25 MHz
DCRC digitization rate, the pulses were first passed through a pulse-widening amplifier
before being sent to the digitizer. This shaping only introduced a delay on the order
of a few us, less than the phonon pulse rise time. Another parameter to optimize was
the PMT bias voltage. The higher this was set, the greater gain the PMT obtained,
however, at too high of values, the signals would saturate the pulse-shaping amplifier,
with sometimes confusing effects for different amplifier models. In the end, there were
at least 4 different configurations of Nal settings and amplifiers tested during the PuBe
data taking campaign.

Nal spectra were taken with a variety of source configurations to ensure proper
energy calibration. [Fig. 7.18| shows the comparison of several spectra along with some
identified line sources. It also shows the remarkable linearity of the calibration from
pulse height to known gamma energy in the Nal detector. The two detectors used were
observed to be quite linear up to the highest positively identified calibration line of 4.4
MeV. It is believed that this trend continues to at least ~ 7 MeV. Future work should
be done to simulate and identify the higher energy signals in these datasets and confirm
the Nal detector calibrations up to the ~10 MeV range expected from the (n, ) process.

Using the Nal and HV data taken, we searched for coincident (n,~y) signals. Un-
fortunately, we did not observe a significant fraction of coincident events compared to
that expected for random coincidence in the Nal and HV detectors. However, the work
we did perform will be useful in planned (and NSF-funded!) extensions of this experi-
ment which will feature large arrays of external Nal detector panels for more complete

(225%) solid angle coverage.
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7.3 Simulations

Two physics simulations were performed by A. Villano for this analysis and were used
for comparison to measured data. The first was a Geant4 [I89] simulation of the PuBe
source placed in a geometry describing UMN K100 fridge and lab. The PuBe source
neutron spectrum was taken from [219]. For each simulated event, a neutron energy
was drawn from the distribution and propagated through the geometry with scatter-
ing and/or capturing on the HV detector in the cryostat. Neutrons are produced by
9Be(a,n)'2C" reactions in the PuBe source. Each time a neutron was thrown from the
source, a corresponding gamma was also thrown based on a simple model of the allowed
nuclear decays of the excited '2C" daughter.

While some details of this simple gamma model could be improved (e.g. direct mea-
surement of a similar PuBe source in [220] did not show the 3.2 MeV line at the level
assumed in our model), we are not too concerned with it because the substantial amount
of Pb shielding effectively blocked all direct gammas from the source. What is more
important is that the neutron details are modelled correctly. This includes the initial
spectrum, transport through shielding and fridge materials, and interactions with the
detector. This also includes secondary processes such as gammas resulting from neu-
tron capture on various shielding and cryostat materials. Previous studies of simulated
neutron and gamma from AmBe sources measured by Ge detectors have found that ma-
terial impurities in experiment, such as certain isotopes of Ti and Cr present in stainless
steel of the cryostat, can be important due to their large neutron cross sections [221].
As we will see later in this analysis, there are some hints that the neutron propagation
we have simulated is not in complete agreement with our results, possibly due to such
effects.

A separate simulation was performed to model the details of the nuclear cascades and
recoils which occurred after neutron capture on the Si detector nuclei. The most common
Si isotopes (?8Si, 29Si, 3°Si) were included with their natural abundances and were
assumed to capture neutrons at relative rates set by their respective thermal neutron
capture cross sections. Each has a set of many nuclear levels available for the excited
nucleus to decay through following neutron capture. In general, they decay to the

ground state via a cascade process, with the nucleus emitting a gamma and recoiling
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Figure 7.19: Spectra of PuBe source thrown in G4. Neutron spectra taken from [219].
Gamma energies were deduced from thrown neutron energy and '2C energy levels.

to conserve momentum at each step. There is an interplay between level lifetime and
nuclear stopping time during the cascade process. If the nucleus recoils again before it
has stopped from a previous recoil, the energy deposited in the crystal, E4,, will be
different. For a simple 2-step cascade, we can consider a few illustrative scenarios. If
the decay time t4 of the second decay (which is drawn from a distribution described by
each level’s half life) is much longer than the stopping time from the first recoil, ¢sop
then

B, + B

Ed@p(td) = %27 tg > tstop (75)

where E, ; is the energy of the i*h gamma emitted and m is the nucleus mass. However,

2mc2

if tq < tstop, then the deposited energy can range from

E,1— E,2)?
Edep,min = W (76)
to ( )2
E .+ FE
Edep,max = 2.1 7.2 (77)

2mc?
depending on the angle and timing of the second recoil with respect to the first.
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This process can be calculated easily in a Monte Carlo simulation by requiring mo-
mentum and energy conservation at each step. This was done for the current study.
However, a full analytic model of the process will allow for faster computation of recoil
energy distributions. This calculation has been completed for a two-gamma cascade
sequence in The general case of a multi-level cascade is a bit more diffi-
cult, but there are current fruitful efforts to complete this as well. The result of these
simulations is a set of cascade events, each having multiple energy depositions from NRs
and associated gammas. The simulation also describes whether the outgoing gammas
scatter in the detector, in which case they would cause an ER as well. Such interactions
will almost exclusively result in total signals higher than our 2 keV,, analysis range,

and so are discarded later in analysis.

7.4 Fitting

7.4.1 Measured Spectrum and Background Subtraction

For this analysis we compare the simulated spectrum in the detector to the background-
subtracted measured PuBe data. As demonstrated in this was done by first
calculating the reconstructed PuBe and Bkg spectra by dividing the measured count
rates by the respective livetimes and estimated efficiencies after applying quality cuts.
By including the efficiency functions in this calculation, we are in effect, reconstructing
the true rate of events in the detector. Then, the reconstructed background rate was
subtracted from the reconstructed PuBe rate, resulting in an estimate of the spectrum
of events due to the presence of the PuBe source, which we call the reconstructed
background-subtracted rate. In this calculation we include both statistical uncertainties
from raw count rates and systematic uncertainties from cut, trigger, and other efficiency

calculations.
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Figure 7.20: Top: Measured spectra for PuBe and Bkg data. Bottom: Reconstructed,
background-subtracted PuBe rate.
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7.4.2 Simulated Spectrum

The output of our simulations was a long set of particle interactions in the SuperCDMS
HYV detector. To compare these to our measurements, we first converted the hits into
events at the detector and calculated the total phonon energy measured for each event.
This required inclusion of material properties, such as the Fano factor and yield, as well

as accounting for phonon NTL gain and some detector effects.

Phonon Energy

The signal measured in the SuperCDMS HV detectors is the total phonon energy pro-
duced in each event. Multiple hits from a single primary generally occur faster than the
cryogenic detector time resolution, so they were grouped together to produce a single
“event”. The total measured event energy was the sum of total phonon energies due to
individual hits. The total phonon energy of each hit was calculated as the sum of recoil,
recombination, and NTL phonons produced.

To calculate this for simulated data, we treated each type of interaction separately.
Because we calibrate our detector to the electron-equivalent energy scale (eVe.), treating
the simulated ERs is the simplest. For each event, we sum the deposited energy from
the individual particle hits in the detector to get the total deposited energy in that

event. Then, the electron-equivalent energy signal is

EER =" Epg (7.8)

hits
For elastic NR events, we used a yield model (described below) to calculate the NTL
phonon contribution and get a total phonon energy, F;., for each deposited hit energy,
Ep;t as
Eiot(Enit) = Epit + EroneV/e,
= Epit(1+ Y (Enit)eV/ey)

(7.9)

where V' is the detector bias voltage and e, = 3.8 eV in Si [I30]. Eron = EnitY (Enit)
can be thought of as the amount of energy that goes into charge production. The Fy
energies from all hits of an event are then summed to obtain the total event phonon

energy. To convert this to the measured electron-equivalent value, we divide by the
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assumed NTL gain for an ER, Gy7r, = 1 + eV/ey. This gives an electron-equivalent

event energy of

1 + Y (Eh‘t)ei//€
ENE — § Ep;i . 7 7.10
ee £ hit 1—|—6V/€7 ( )

Treating the signals due to (n,7) is a little more subtle because they involve com-
posite NR cascades. A. Villano has a nice explanation of this which I reproduce here.
We assumed that such a recoiling nucleus in some cascade step begins at energy Fy and
deposits energy 6 FE before the next recoil occurs. We would then expect the ionization
produced in that step to be that which would have been given from a single recoil of
energy of Ej less that which would have been given from a single recoil of Fy—dFE. This
simply assumes that the ionization is independent of the slowing-down history of the
particle, or, that any recoil of energy F will give a reproducible amount of ionization
regardless of the circumstances of its creation. This means that the amount of ionization

energy in the i*" cascade step is
Eion,i = Eo,:Y (Eo;) — (Eo; — 0E;)Y (Eo; — 0E;) (7.11)

and the total electron-equivalent signal becomes

5E¢ + Ez’on ieV/e
E™ = . T 7.12
ee Z 1+eV/e, (7.12)

where 7 sums over recoils in the cascade. There is also the possibility of events with
both ER and NR components. This was studied and it was found that < 0.05% of the
simulated events above threshold are of this type, so they are not expected to affect the

simulated spectrum.

Yield Models

We considered several physically-motivated functional yield forms in this analysis. The

most commonly used model is that of Lindhard [222] (simplified form in [83]),

kg(e)
Y (Erp, k) = ———— 7.13
with k free and
g(e) = 3% 4+ 0.7e%6 4 ¢
(©) (7.14)

e = Eg(keV)11.5277/3
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where Z = 14 for Si. Note here that € is a rescaled recoil energy quantity not to be
confused with e,. This model is the standard in a range of materials at high energy,
but is expected to break down in the low energies considered for this analysis. Several
empirical and theoretical extensions have been made to this model which generally
include some form of low-energy cutoff behavior. We define here each of the models

used in this analysis. The Chavarria model, with k£ and a free, is described by

1 1 -1
Y av E 7k7 - 1
Chav(Er, K, a) <aER+YL(ER,k)> (7.15)

following the functional form published in [I19]. The Sorensen model attempts to in-

clude the effects of a finite ionization threshold as
Ysor(ER, k,q) = max(YL(ERr, k) — q/¢,0) (7.16)

where the max function ensures the function is non-negative and we leave k and ¢ as free
parameters [223]. Finally, we also considered the Adiabatic Correction model, described
as

Yac(Enr, k,€) = (1 — e "R/O)YL(Eg, k) (7.17)

with k£ and ¢ free as in [224]. A comparison of the various yield model shapes is shown
in It can be seen that all converge to the Lindhard model at high energies,
but can cut off with different shapes.

Fano Resolution

After calculating the set of simulated electron-equivalent event energies, we generated
the spectrum of measured energies including statistical smearing. An event produces

some number, N, of e/h pairs with
(N) = Eion/ey (7.18)
The Fano factor, F', describes the statistical variance as
0% = F(N) (7.19)

with F'=0.12 — 0.15 for ERs below a few keV [I32]. The Fano factor for NRs, Fyr,

may be different and has not been well-characterized at low energies. It could in fact be
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Figure 7.21: Example yield model shapes.

higher than the ER Fano factor by an order of magnitude [225], making the NR signals
much more smeared out. In this analysis, we will generally leave it as a parameter to
be fit. Here, as in many analyses, we assume that the distribution of IV is a Gaussian
centered at (V) with width described by on. There is evidence that the distribution is
somewhat skewed [226] but we do not take such details into account here.

Now, including the Fano spreading could be done by randomly drawing the actual
number of e/h pairs produced from the distribution described by (N) and ox for each
event, but this would just realize a single instance of the experiment. This process
would need to be repeated many times to be sure any systematic effects are averaged
out. However, this is computationally expensive so we used an alternative approach and
simply filled the final simulated histogram using the weighted probability distribution
of each event. In this way a single event will contribute a Gaussian distribution to the
eVee spectrum with a mean value, (Ee.), set by the event energy and eV width set by
the Fano factor. This has the same effect as averaging many individual realizations of

the spectrum.
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To implement this, we first calculate the Fano contribution to the electron-equivalent

peak width for each hit. As described in the expression for this Gaussian
width is

o3, = (eV)’)F(N)/(1+eV/e,)?

— (evyeriBlen) g 4 ey ge 2
€y

(7.20)

where the appropriate Fano factor is used for either ER or NR and the mean ionization
energy is calculated as described above. Note that for eV /e, > 1, we recover the familiar
a%@e = F(N )5% We also make the assumption that the individual hits or steps in an
event are uncorrelated. While this may not be strictly true, it allows us to calculate the
total statistical width of an event as the sum of all the widths of that event’s hits or

steps as

evee,tot E :O—eVee,hzt (7.21)
hits

At this point we have the full description of the electron-equivalent distribution for
each event. This is what would be measured if the experiment were repeated a large
number of times. Because these distributions take a nice analytical form, we can directly
compute the contribution of each simulated event to the final, binned electron-equivalent

spectrum by integrating the Gaussian over each bin width as

i+l E - Eee 2
w; = / ————exp ( 20<2 ) dE
A /271'0E Eee (7.22)

ol

where w; is the weight in the i*® bin which has bin edges [E;, F;j;1). This expression
is used to calculate the contribution of each event to each energy bin. Finally, the

contributions from all events are summed to produce a single energy spectrum.

Detector Resolution

As described in the detector energy resolution was parameterized with

02 =0} + (B+e,F)Ee (7.23)
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Now, this measurement includes the width due both detector effects and Fano broad-
ening. We have described above how we account for the Fano effect for different event

types, so we extract the intrinsic detector resolution as

o? 02 + BE,. (7.24)

Eee,Det -

The resulting detector resolution function is displayed in
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Figure 7.22: R68 detector resolution function. Shaded regions are due to fit parameter
uncertainties.

We find here that, for energies less than 1 keVge, the intrinsic detector resolution is
dominant. We apply this detector resolution by convolving the event energy spectrum
with a Gaussian kernel which has an energy-dependent width set by the resolution
function. This means that we take the contents of each bin of the event energy histogram
and redistribute it according to the resolution function. The effect of this on the various
components of the simulated spectra can be seen in In this example, we used
the Lindhard yield with k£ = 0.15 and Fyg = 2. Applying the detector resolution acts as
a low pass filter on the energy spectrum, averaging over structures below the resolution

scale. This results in a smoother ER spectrum. The elastic NR spectrum is not affected
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much, because it has no real structure smaller than the resolution. The (n,7) signal

peak height is somewhat reduced, but the total integral unchanged.
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Figure 7.23: R68 detector resolution effects on the simulated energy spectra.

ANTL Model

In previous analyses of similar CDMS detectors, it was important to include the effect
of the variation in NTL gain throughout the crystal [I01]. The issue is that the bias
field is not uniform in the entire detector volume, with some fringing effects near the
edges. Events that occur in those regions will not experience the full NTL gain and
have a reduced signal. In the present analysis, we have treated this as a systematic
uncertainty and developed a simple model to estimate the size of the effect.

We designed a simple detector and housing model in COMSOL Multiphysics® [227]
and used it to calculate the electric field distribution for the 1-sided biasing configuration
of this experiment. The model included a cylindrical Si detector with planar electrodes
in a cylindrical copper housing. The real housing geometry is hexagonal with more
complicated internal geometries, but for this purpose, it was sufficient to model this
as a cylinder with inner diameter the same as the smallest inner diameter of the true
housing. In this way we overestimated the influence of the grounded housing by placing
more of it closer to the crystal. shows the electric field computed in the
detector with the upper electrode at -125 V and the bottom electrode and housing at
ground. The important features are that the field is not uniform, but has fringes near
the edges due to the grounded housing. There are some small meshing artifacts near
the top of the detector which became smoother with finer meshing and have little affect

on the results here.
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Figure 7.24: R68 detector bias field model. Left: Voltage as a function of radius and
height. Right: Electric field lines.

We next created a simple model of charge transport in the detector by starting an
event at a given location and following the electric field until a detector surface was
reached. This was a relatively fast calculation and is probably a decent approximation
given the constant drift speed experienced by carriers in Si. Examples of such tracks are
shown in the left plot of There it is clear that events too near the sidewalls

may not traverse the full crystal and thus produce less NTL energy.
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Figure 7.25: Top: R68 ANTL simulation examples. Bottom: Map of AV calculations.
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We generated a grid of starting positions in a single r — z slice of the detector and

simulated transport from each. We then calculated the total potential difference, AV,

experienced by the carriers in each event. This was simply the difference in potential
at the endpoints of the electron and hole.

h e
AV = |Vfi:al — Vf

inal

(7.25)

A map of those values is shown on the right side of As expected there is
a smooth trend with most events away from the upper corner experiencing the full
voltage difference. There are also a few failed tracks due to the aforementioned meshing
artifacts.

So how do ERs and NRs get reduced by this effect? They should each be reduced
by the factor fgr, which is the ratio of the true NTL gain to the nominal value

. GnNT L(AV)

frR=——"+~"
Gnrr(V)

This works a little differently for ERs and NRs due to the yield, but for the purposes

(7.26)

of just characterizing the systematic uncertainty associated with this effect, we can make

the following argument. If Y <1 and AV <V then it follows that

_1+YAV/e, S 14+ AV/ey

- > AV/V 7.27
I 1+YV/e, = 14V/je, = / (7.27)

So reducing NRs by the same ratio as for ERs distorts them more than is needed. This
makes it a conservative estimate of the size of the smearing effect. We then used the
calculated AV/V values to construct a simple signal smearing model which could be
applied to simulated energy spectra. This was done by first fitting the distribution of
AV/V values as shown in Because the grid of simulations was done on a
single r — z plane, we first weighted each point’s contribution by the event radius, so as
to obtain the correct weights for a uniform cylindrical volume.

Then we used a simple distribution model consisting of a delta function with an
exponential tail. The shape of the tail was fit to the low AV/V distribution and the delta
function was located at 1. By convolving this function with an energy histogram, we
were able to estimate the amount of smearing due to variations in NTL gain. Examples
of this effect for narrow energy lines are shown in the right side of The effect
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Figure 7.26: Left: Fitted histogram of weighted AV/V distribution. Right: Effect of
ANTL smearing model on single energy lines.

on the full simulated spectra is shown in Again, this effect was only included
for estimation of systematic uncertainties, and has been constructed to represent an

overestimation of the effect.

7.4.3 MCMC Sampling Method

All of the above steps were used to build a simulated spectrum. In doing so, we had to
include parameters such as the NR Fano factor and those that describe the NR yield
function, which are actually the parameters of interest for this whole project. We sought
the parameters that transformed our simulated hits into a measured spectrum consistent
with the actual measurement we performed. We did this using a Markov chain Monte
Carlo (MCMC) ensemble sampler called emcee [228]. The basic idea is that, given some
model parameters, their prior probability densities, and a way to calculate a likelihood
of our simulation agreeing with the measurement, the code will draw random values of
the parameters, but in such a way that the distribution of those sampled values will
converge to the parameters’ posterior probability density functions (PDFs). A more
in-depth explanation is beyond the scope of this work, but can be found in many places

including Ref. [228].
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Priors and Likelihood

Generally, we assumed no prior knowledge of the parameter values other than a broad,
physically plausible range of values. We thus used a flat prior probability function

within the given range. The log prior for a parameter 6 € [a, b] is then

—Inb—a) a<6<b

(7.28)
—00 otherwise

In(Pyiat(6;a,b)) = {

We also defined a likelihood to quantify how well a given simulated spectrum matches
our measurement. Due to the various cuts and background subtraction procedure, the
spectrum has significant systematic errors we wished to incorporate into the MCMC
procedure. This prevented us from using a simple Poisson Likelihood as in Ref. [229].
Instead, to accommodate asymmetric uncertainties, we described the likelihood in each
bin with a Split-Normal [230] function matched to the measured rate and uncertainties

in each energy bin. The formula for the Split-Normal log likelihood function is then,

N

- - 1 2
ln(ESNorm(k;M70lowaahi)) = Z |:2 ln(;)"i_

’ (7.29)
1 (ki — i\
— In(ojow,i + Ohii) — 3 <>

0;

where k is the set of simulated rates under test (calculated over N energy bins), [ is
the set of measured rates for each bin, &p; (Fj0w) is the uncertainty for points above
(below) i, and

o, — { Tlowsi ki <= (7.30)

Ohii ki > i

This reduces to a standard normal distribution for &}; = &jy,. We performed each
MCMC sampling twice for each yield model with different uncertainty, (G, 0ow), val-
ues. One calculation included only the statistical uncertainties resulting from the finite
measured and simulated count rates, while the other included all systematic effects from

the various efficiencies and effects such as the ANT'L model above.
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Free Parameters

There were several free parameters that the MCMC was tasked with sampling over.
A different yield model was selected for each calculation with either one or two free
parameters. If the Lindhard model was used, this would only be the factor k, with
a flat prior requiring 0.05 < k£ < 0.3 . The other three models all had an additional
parameter describing the cutoff scale, either a, g, or £ for the Chavarria, Sorensen,
or Adiabatic Correction models respectively. These were generally allowed to range
between values corresponding to cutoff energies of 0 — 2 keV,,. We also let the NR Fano
factor, Fyr float with a generous range of 0 < Fygr < 30.

In addition to these parameters describing the microscopic physics, we also included
several scaling factors as nuisance parameters in the calculations. These were included
because we found that our nominal simulated livetimes for the ER and NR components
(from the Geant4 simulation) resulted in simulated signal rates that were somewhat
lower than the measured values. While we have not yet identified the source of this
discrepancy, we proceeded under the assumption that the simulated spectra at least
have the correct shapes, though the overall scales may not be correct. This is probably
a safe bet for the ERs, since the spectrum is expected to be dominated by Compton
scatters of higher energy gammas and thus quite flat and featureless. However, the
elastic NR distribution is a quasi-exponential as expected, but the details of this shape
are more important as we discuss later. The (n, ) distribution was simulated separately
and is believed to be trustworthy, though we include a scaling factor for it as well for
maximum freedom of the fit. The factors frgr, fvr, and fyg were thus included to

scale the rate of the ER, elastic NR, and (n, ) signals respectively.

Interpreting Results

The MCMC algorithm generates a chain of parameter values that the algorithm visited,
an example of which is shown in below. In practice, the calculation is par-
allelized with multiple “walkers” traversing the parameters space. In the results here,
we used 128 such walkers in each calculation. We then assessed the convergence of
the algorithm to extract some meaningful statements about the parameters of interest.

Ref. [228] follows the advice of Ref. [231] and recommends using the autocorrelation
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time for this purpose. The autocorrelation time, 7;, of each parameter, 6;, is a mea-
surement of how many iterations of the algorithm needed to get uncorrelated samples
of the posterior PDF. Basically, each evaluation of the algorithm selects new parameter
values that are somewhat correlated with the previous values and 7; tells us how many

samples away we must go to escape that effect. These values are shown as red lines for
each parameter in

w® ,'" .' = .l T [ B AN | I P
0 101 102 103 10*
step number

Figure 7.27: Example chain of MCMC sampler chains using the Sorensen yield model.
This example used 128 walkers for 50k steps. Autocorrelation times are indicated for
each parameter.

Once calculated, 7; was used for several purposes. It can first be used to determine
if the algorithm was run for long enough to accumulate statistically significant number
of independent samples of the posterior PDF. In practice, the chain of values visited
should be 2 50 x 7. If this is not the case, we simply ran the algorithm for a longer

chain length. If the chain was long enough, then we took a sample of the chain values to
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give an uncorrelated sampling of the parameter space. This is done by first discarding

the first 27 samples of the chain, where 7 = ZN

(2

7;/N is the average length of all the
parameters. This reduced initial correlation in the starting parameter values in a period
sometimes called the “burn-in” phase. Then the chain was thinned by retaining only
one value out of every 7 values.

At this point we evaluated the distribution of the remaining values which should
give approximations to the posterior PDFs of the parameters. To examine these we
generally produced a corner plot such as shown in From there, one can
examine numerical results such as the median and width of the parameter distributions.
Such a figure demonstrates both the 1-dimensional parameter distributions as well as

any correlations between parameters.
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Figure 7.28: Example corner plot of MCMC sampler values. Vertical dashed lines on
each 1-d histogram represent the median and 1-o equivalent percentiles.
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The example shown in [Fig. 7.28 was calculated using the Sorensen yield model which
provided the best fit to the data. It demonstrates several common features observed in
all models tested. First, there was a clear correlation between the Lindhard k parameter
and the yield cutoff parameter, here q. This is not surprising because increasing k tends
to increase the entire yield curve scale and moving the cutoff parameter to higher values
will tend to pull the (low energy) yield back down. There was clear anti-correlation
between frpr and fyg. This is because these are the only two components at energies
above /=1 keVe, and both have relatively flat spectra there. So this is just indicating that
their spectral sum is being kept at roughly constant value to match the measurement.
The interplay between fyg and the parameters k, ¢, and Fygr was more subtle. We
will discuss this more when considering the resulting spectra below.

In general, we found that running the sampler for 5k — 50k steps was sufficient to ob-
tain reasonable statistics for the tested yield models. We also found improved behavior
when selecting sampler moves using an 80/20 mix of “DEMove” and “DESnookerMove”
as suggested for multimodal problems in the documentation of [228]. With these set-
tings, the step acceptance fraction, a measure of how efficiently the sampler selected
new sample values, was generally 0.1 — 0.3, which is considered acceptable in such
calculations.

With the multi-dimensional distributions of parameters displayed above, we can
produce corresponding distributions of yield curve and simulated spectra. The left side
of shows yield bands generated from the MCMC sampler using the Sorensen
yield model. To generate these bands we did not simply use the 1-d yield parameter
distributions because this would ignore the valuable correlation information contained
in the sampled distribution. Instead, we randomly selected 100 sets of sampled points
from the distributions and calculated the 1-0 equivalent width of the distribution of
that set of yield curves. This was done for the calculations including just the statistical
uncertainties in the likelihood as well as with all the previously discussed systematic
effects.

These yield results are shown in comparison to several sets of previous measurements.
One important feature is that this method generates a continuous yield curve which
extends to low energy as opposed to a discrete set of measured points. This is possible

because of two factors. First, we are assuming a functional form of the yield model,
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so we are sensitive to its behaviour over the full range of our spectrum. Second, both
the elastic NR and (n, ) spectra contain events which are composed of multiple, lower
energy hits. In this way, well-measured events can be composed of several recoils, some
or all of which may sample the yield curve below our single-hit analysis threshold. To
demonstrate this, we have also included dashed lines denoting the yield parameters space
(corresponding to the 50 eVee to 2 keVee analysis region) for which our experiment was

sensitive to single-hit recoils.
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Figure 7.29: Left: Distribution of yield curves generated with MCMC using Sorensen
model. The following previous measurements are shown for comparison: Chavarria

[215], Izraelevitch [232], Dougherty [225], Gerbier [233], Zecher [234], Agnese [120].

Right: Corresponding range of best-fit background subtracted reconstructed spectra
with systematic and statistical uncertainty. Shaded bands represent the 1-sigma equiv-
alent range of rates in each energy bin.

Now, the yield curve shown here must be taken with a fair amount of context. While
it was generated from the set of parameters which provided the best-fit spectrum, the
absolute quality of that fit was not as good as we would like. The comparison of the
measured and simulated spectra are shown on the right side of Like the yield
curves, the various spectral components were generated by sampling directly from the
N-dimensional MCMC sample distribution with the band center and width denoting
the mean and 1-¢ equivalent rates in each energy bin. We see here that the MCMC has
done a fine job of matching the measured spectrum in most areas, except it has failed to
reproduce the detailed shoulder near 200 eV, which is associated with the (n,~) signal

region.
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At this point we are in a better position to understand some more of the correlations
in the bottom row of In all of the MCMC fits tried, the sampler tended to
favor selecting a large value of Fiyg to smear out the otherwise sharp features of the
(n,~y) signal (cf. and shift the resulting distribution (via k and ¢). This was
done to match the rising edge of the measured signal spectrum starting around 400
eVee which the current elastic NR spectrum was unable to account for.

To further illustrate how much trust one should (or should not) place in the yield
curve thus obtained, we also show the results using the worst fit yield model in
This result was produced using the basic Lindhard model. Again, the total simulated
spectrum is a reasonable fit over much of the energy range except it does not capture
the 200 eV shoulder. This again was accomplished by selecting a large Fyr ~ 5 and
using the (n, ) signal to match the rising signal edge. But, while the spectra from this
and the Sorensen model are rather similar, the yield curve is significantly different. In
particular, the Lindard yield, with no cutoff parameter, remains high even down to very

low energies.
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Figure 7.30: MCMC results for yield (left) and spectrum (right) using Lindhard model.

To be clear, these are not great fits but they are the best obtained using each model
with the MCMC method and current simulation versions. Instead of showing all the
spectra, we just present [Table 7.1 of reduced 2 values for the best fit spectra. These
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were calculated over the N spectral bins as

XZ/DOF _ N 1 Z (Rmeas,z Rszm,z) (7.31)

Mpar‘am im1 Omeas,i

where the number of degrees of freedom, DOF, is the number of bins, N, minus the

number of fitting parameters, Mpqram, and Omeas,; is the statistical uncertainty of the

it measured rate, Rieas,i-

| Model || x*/DOF |
Lindhard || 722.8/190=3.80
Chavarria || 670.4/189=3.55
Sorensen || 376.7/189=1.99

AC 525.0/189=2.78

Table 7.1: Table of best-fit Chisq/DOF values for several yield models. Calculated using
only statistical uncertainties.

For completeness, we also report the best fit parameter values in These
were taken from MCMC fits performed with all statistical and systematic uncertain-
ties included in the spectral likelihood distribution. The values were calculated from
the 1-dimensional distribution of each parameter (e.g. the histograms in |[Fig. 7.28]).
The numbers reported are the median value and the uncertainties are 1-o equivalents,
calculated as the distance from the median to the 16" and 84" percentiles of the dis-
tribution. Again, this does not capture any of the correlation between parameters, but
gives a reasonable sense of their plausible values. We generally found that all models
preferred fgr values around 5.4 — 6.1, somewhat larger than the fypr values of 3.0 —
4.3. Similarly, the (n,v) scaling factor ranged from fyg = 2.6 — 4.5. The Sorensen
model, which prodiced the best fit overall, did so with the highest NR scaling factors
(both fng and fyg). The NR Fano factors were quite high for all models, but also had
large relative uncertainties.

Unfortunately none of the tested yield models produced results fully consistent with
the measured spectrum at all lowest energies. It is unclear if this is a deficiency of the
yield models, the measurement, simulation, or the analysis methodology. As discussed
above, one suspected cause is a deficiency in the elastic NR spectrum calculated from

Geant/. We have found that the elastic NR spectrum alone does not provide a good
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Model k Cutoff Param. Fnr frr fNR N
Lindhard || 0.122500%3 - 5.457%5 | 6.097030 | 3.017025 | 2.647 03

Chavarria || 0.13815010 | a=! = 6767309 eV | 555729 | 6.0370-32 | 3.2270-32 | 2.84702

Sorensen || 0.16110530 | q/10% = 2.187 0%, | 8.82752 | 5367535 | 4.2875-43 | 4.54743¢

AC 0.118T000%3 | ¢ =217110 eV | 4.36773 | 5597037 | 3.5010:31 | 2.75102

Table 7.2: Table of best-fit parameters for several yield models calculated by includ-
ing statistical and systematic uncertainties in MCMC sampling. Uncertainties are 1-o
equivalents (i.e. calculated from the 16" and 84" percentiles).

fit to the rising signal edge at around 300 — 350 €V, slightly before the (n,~) signal is
expected to contribute.

Furthermore, it turns out that the roughly exponential shape of the elastic NR spec-
trum is relatively insensitive to changes in yield. This means that changing the yield
smoothly (within the constraints of our tested models) does not provide adequate dis-
tortion to match the measured signal. This is why the MCMC routine instead increased
Fnr (which the featureless NR spectrum shape is also insensitive to) and used the (n,~)
signal to build the shape of the rising edge. This comes at the cost of smearing out the
(n,~y) structure which is likely the source of the measured shoulder near 200 V.

Another possibility is that the yield models tested are themselves inadequate. As
we reach recoil energies nearer and nearer ¢, = 3.8 eV and the threshold for Frenkel
defect formation of ~20 eV [I19], there may be crystal effects that manifest in non-
smooth yield and Fano behaviors. More generally, it could be that the yield models we
tried above simply do not have sufficient flexibility to capture the true yield behavior.
To account for this, one can either develop more sophisticated models or try alternate

fitting methods.

7.4.4 Integral Method

The MCMC method described above is powerful because it can provide full multi-
dimensional estimates of the parameter PDFs. However, we found that it was not
able to provide completely satisfactory fits to the measured spectrum. The fits agreed

with the general spectral shape, but the yield models considered may not have had
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sufficient flexibility to match the details near threshold. For these reasons we explored an
alternative analysis method which can generate yield curves of arbitrary shape to nearly
perfectly match the measured spectrum. This comes at the cost of some simplifying
assumptions which will be discussed in detail.

This analysis is essentially similar to the “Integral Method” described in [215]. The
idea is really quite simple and related to the CDF-matching techniques we used way
back in We know that the measured spectrum is made up of contributions
from ERs and NRs. Assuming that Y is monotonic, the measured rate (in eV;.) above
some energy, F..;, is equal to the rate from electron recoils above Fc.; plus that from
nuclear recoils above some corresponding recoil energy, E,,;. We of course can not
integrate the rate arbitrarily high in energy, so we fix the maximum value of Eec oz =
2 keV and a corresponding Ej, ymqz (which itself depends on yield, more on that below).
Given a measured total spectrum and simulated spectra of all the electron and nuclear
recoil components, we can then perform the integrals over a range of E,.; and find the
corresponding set of E,,;. This set of points then allows us to map out the yield curve.
As described below, this assumes each event is composed of a single hit.

In our case, we have a measured spectrum which gives a rate, Rpeqs(Fee) and
simulated spectra for ERs of rate Rpr(Fk.), elastic NRs of rate Rygr(En:), and (n,7)

(NG) events of rate Ry (Enr). Thus, the requirement described above can be written

as
Ee&,’n’Laz Eee,maz Enr,maz
E Rmeas,i = E RER,i + E (RNR,j + RNGJ) (732)
Eee,i Eee,i En'r,j

where e.g. Rimeasi = Rmeas(Eeei) and Ryrj = RNr(Enp, ;). The procedure then is to
select some E.; and decrease E,,; until the condition is met, then record the pair
(Eee,is Enrj). This is repeated for a range of Eec; from FEeemae to the lower analysis
threshold of Eec min = 50 eVee.

An example of how this works is shown in [Fig. 7.31l The colored portions show a
set of several integration regions for which the simulated spectra integrals (center and
right plots) match that of the measured signal (left). The resulting set of (Eee i, Enr ;)
are shown in the lower plot, with the black point corresponding to (Eee mazs Enrmaz)

and the other colors corresponding to the above integrals. Finally, from those points
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Figure 7.31: Cartoon of the Integral Method. Colored regions of integration on the
measured spectrum(left) are made up of contributions from the various simulated com-
ponents (right). Matching the integrated rates allows correspondence between the eVee
and eVnr energy scales as shown at the bottom.

one can calculate the yield as

Y = (%(57/6V +1)— 87/(3‘/) . (7.33)

Note that this relation holds for this class of detectors because we measure the
total phonon energy from both the initial recoil and subsequent NTL phonons. This
is in contrast with devices which are only sensitive to the charge produced, for which

Y = E./E,,. However, this is a small effect given the operating bias used gives
ey/eV = 0.03.

Single Hit Energy Assumption

An important assumption required for the Integral Method is that each event is de-
scribed with a single recoil energy which determines the yield. In a large detector this is
not strictly the case because multiple scatters can occur. Furthermore, the (n, ) signal
is in general a combination of several recoils within a single event. So, to perform this
analysis we will make the simplifying assumption that the yield of nuclear recoil events

is governed by the total recoil energy in the event, not the individual components.
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We examine the validity of this in two ways. First, we know that a large portion
of the simulated events are dominated by one energy deposition. We can show this
be calculating the the ratios of maximum hit energy to the total event energy for the
simulated data. I.e., for an event made up of N hits of energies F;, we calculate
max(FE;)/ Y . E;. We find that the fraction of events having max(E;)/ ), E; > 0.9 is
0.89/0.80/0.93 for ER/NR/NG events, so that the majority of events are dominated by
a single hit. Now, this makes no difference for the ER events, because they will not
have the yield applied to them. However, a minority of the NR and NG events might
be affected.
We can also test the effect of making this assumption by comparing the distributions
of events in eVee for an example yield function. As an extreme example, we choose a
Lindhard yield with £=0.146 and a sharp cutoff of Y (E, < 100 ¢V) = 0. This is extreme
because it will completely remove the influence of low energy hits. The effect of this is
shown in On the left are the NR spectra when either applying yield to the
individual hits (E;) or to the sum of hits (}_, ;). For these events, there is effectively
no change. On the right is the comparison for (n, ) events. The only meaningful change
of this population is the shift of one prominent peak. However, this change is only about
10 e€Vee, comparable to a single bin width. So, while this may produce some difference
if there is a hard yield cutoff, the change will likely be small. For now, we will thus
assume that making the single hit assumption is reasonable. In the end, we can repeat

this exercise for any derived yield function to evaluate the impact.
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Figure 7.32: Comparison of effect when applying a yield function with cutoff to either the
individual hits (“E_i"”) or total hit energy (“E_tot”). Left: The NR spectrum is negligibly
changed. Right: Only one peak in the (n,~) distribution is affected significantly.
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Free Parameters

There are several free parameters that must be selected before a yield curve can be
calculated in this manner. They consist of an initial yield point and several rate-scaling
factors for the simulated spectra. In this analysis, our entire energy range has direct
NRs because the PuBe source emits neutrons at MeV energies and only some of them
are thermalized. Thus we can start the integration procedure above the (n, ) signal,
but we need to assume some starting value of Yyar = Y (Enrmaz)-

As discussed earlier, our nominal simulated ER and NR rates do not agree with the
measured rate for any reasonable range of yield values. At energies above 1 keV,, there
will be no (n,7) events, just ER and elastic NR. To match the observed rate, the ER
and NR rates would both need to be increased by a factor of ~ 4 relative to the expected
rates. The cause of this discrepancy is not yet understood. The ER and elastic NR
events are both generated by a Geantj simulation of the PuBe source in the K100 lab.
The livetime of the simulation has been adjusted to match that of the measurement
using our best estimate of the PuBe neutron production rate which is estimated to be
known within 3% based on historical documentation of the source activity and adjusted
for source composition changes over time [235]. There is some question as to the energy
range over which the neutron production rate was initially measured, but it is reasonable
to assume this included neutrons above 1 MeV, in which case the measured rate would
only be low by 25% at most [236]. The PuBe source is still managed by the UMN group,
so measurements of the current source rate could be made to confirm this. Perhaps the
easiest (and safest) method would be to measure the 4.4 MeV gamma rate and infer
the neutron production rate. Another possibility is that the measured rate in the HV
detector is incorrect, however, no issues have been found so far after correcting for the
effects of cut and trigger efficiencies as well as DAQ write efficiencies as described above.
In contrast to the Geant4 simulations, the livetime of the (n,7) simulation is calculated
in an independent manner and is believed to be understood better.

In any case, we again introduce a set of empirical rate scaling factors, fgr, fvr, and

fne to scale to overall rate of the simulated spectra. These modify the rate balancing
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condition as follows

Eee,maz Eee,mam En'r,maz
Z Rpeas,i = Z fErRER, + Z (fNrRRNRj + fNGRNG,j) (7.34)
Eee,i Eee,i Enr,j

While the values of frr and fygr are somewhat unconstrained, we can make an
independent estimate of fyg. fng scales the simulated rate of (n,~y) events observed
by the detector, which is proportional to the rate of neutron capture on Si atoms. For
the MCMC analysis, we used an early estimate of the nominal total Si capture rate of
0.218 Hz. Since this has been used for most of the analysis thus far it corresponds to
a value of fyg = 1. Here, we re-evalute this calculation using updated measurements
and cross-section references. This is a somewhat clumsy way to update the capture rate
calculation, but we do it so as to allow direct comparison with the scaling factors used
in the MCMC calculations.

The rate of thermal neutron activation with the same PuBe source and shielding
setup was measured in UMN R66 using a Ge HV detector. The measurement was made
by tracking the rate of increase in the 10 keVg, line associated with electron capture
following activation of Ge-70. This measurement can be scaled to predict the total rate

of neutron capture in the Si detector (of same volume, location, etc.) using

Ng;  0s;

Rgi = Rge—10 (7.35)

NGe—70 0Ge—10
where Rg; (Rge—70) is the activation rate of all Si isotopes (Ge-70), Ng; (Nge—70) is the
number of Si (Ge-70) nuclei in the detector, and og; (0Ge—70) is the thermal neutron
capture cross section of Si (Ge-70). The Ge-70 activation rate was measured to be
Rae—70 = 1.4940.29 Hz in R66. The thermal neutron capture cross section for Ge-70 is
0Ge—70 = 3.054+0.13 b [237]. The capture cross sections for the Si isotopes are given in
[238] and their natural-abundance weighted average is 165+4 mb. These values give an
updated estimate of the Si activation rate of Rg; = 0.444 + 0.089 Hz which corresponds
to scaling values of fyg = 2.04 4 0.41.

To proceed with this analysis, we adopted a method of normalizing the simulated
rate to the measured value near 2 keVee by selecting a pair of (fgr, fnvg) values. This
was done by first selecting some trial value for Y4, and using it to calculate the rate of
ER and NR events between 1.99 keVee and 2 keVee (our highest energy bin). Then we
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selected a value of frr (fyr) and calculated fygr (fgr) such that the simulated rate
agreed with the measured value. In this way, we always began the integration procedure
with the highest energy point being self consistent. From there, the integration steps

could proceed as described earlier.

Resolution Effects

This procedure will find a yield curve that maps the simulated spectra to give a near-
perfect match to the measurements, limited only by the simulation statistics. However,
we have not yet taken into account the finite detector resolution which will smear sim-
ulated energies over a range of measured energy bins. To include this effect, we again
followed the lead of the DAMIC analysis [215] and adopted the following procedure:

1. Generate 0" yield curve, Yy(Ey;).

2. Use Yj to transform eV, event energies to eV..

3. Smear eV, energies by adding a random offset consistent with resolution function.
4. Transform smeared eVee energies back to eVj,,..

5. Calculate Yi(E,,) using smeared eV, energies.

6. Iterate.

This was generally found to converge after as few as 2 — 3 iterations and generated
eVee spectra smeared with the detector resolution as expected. However, because the
energies are smeared by a random amount each time, it introduces a small random
scatter in the final simulated spectra, though the agreement with measured rates is still
satisfactory.

One interesting effect was that the inclusion of resolution effects provided some
limited sensitivity to the yield curve immediately below our detector’s energy threshold.
This is because lower energy events can be smeared up and contribute to signal in
analysis region. The size and shape of this contribution depends on the yield because
it sets how far below threshold such values are and thus how likely they are to be
smeared up. Now, this sensitivity is different from that obtained elsewhere in the

analysis region. By definition, we do not have a measured rate below threshold and
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thus cannot directly calculate a yield there. However due to such effects, one must
assign some yield value below threshold. We have tried three such extrapolations. First
we tried maintaining the same yield value from the lowest measured value down to 0
energy. However, this tended to systematically overestimate the simulated spectrum
above threshold indicating the sub-threshold yield was too high. Conversely, setting the
sub-threshold yield to 0 tended to underestimate the above-threshold spectrum. In the
end we settled on a linear extrapolation of the yield below threshold. It was found that
this allowed the algorithm to reliably produce simulated spectra consistent with the
measurements and the expected resolution effects. With this procedure, we generally
found it sufficient to make only one or two passes of the smearing procedure, with no

significant changes in spectra and yield curves after further iteration.

Calibrating to Previous Results

We could not prescribe fixed values of Y42, fER, Or fyr a-priori so we were unable
to just calculate a single yield curve from our data and simulations using this method.
Instead, we chose to calibrate the high energy region (above the (n,~) signal) of our data
to previous yield measurements in order to select a range of plausible Y4, fER, and
fnr values. In particular, we used the Izraelevitch measurements [232] to benchmark
our calculations. These were the only measurements we are aware of which fully spanned
our measured energy range from 1 — 2 keV.

To perform this calibration, we produced a large number of yield curves with a range
of Yz, fER, and fygr values and retained only those which were consistent with all
of the Izraelevitch points within measurement uncertainties. We also calculated these
full curves for the cases of fyr = 0 i.e. no (n,v) and of fyg = 2.04 £ 0.41, our best
estimate of the correct (n,y) flux. The curves which were consistent with the Izraelevitch
measurements had scaling values in the range fyr=5.6 — 9.0 and fgpr=1.3 — 4.2 with
high fygr correlated with low fgg.

We then plotted the envelope of all values attained in each set of calculations. This
is shown in with separate plots for the cases of with and without (n,~y) signal.
Here the edges of the envelopes do not represent any single yield curve, rather the set
of extreme values achieved by any yield curve in the set. The solid line in each band

represents the single yield curve which best matches the Izraelevitch measurements.



224

Similarly, we have plotted on the right the full range of rate values achieved by any

calculation in the set. The solid lines in these histograms are the spectra corresponding
to the same calculation as the solid best-fit yield line.
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Figure 7.33: Left: Distribution of yield curves consistent with Izraelevitch data and
the present analysis. The following previous measurements are shown for comparison:

DAMIC [215], Izraelevitch [232], Dougherty [225], Gerbier [233], Zecher [234], Sattler
[239], CDMS-II [120]. Right: Corresponding distribution of various spectral compo-

nents. Top: Case with no (n,~) signal. Bottom: Case with expected (n,~y) signal.

With these results, we find that the extrapolated yield curve is more consistent with
the low energy DAMIC measurements when the (n,~y) signal is included. We can also
examine the spectra and see that, in the case without (n,~), the yield curve must rise at
low energy to distort the exponential NR signal into matching the measured shoulder.
In contrast, when the (n,7) signal is included, it describes the shoulder and the NR

spectrum much more naturally, though there is sometimes still a small distortion in
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yield and NR spectrum visible around 300 eVee(1.5 keVy,). The results shown here
were calculated with the assumption that the Fano factor for NRs, Fiygp = 0.1161, the
same as for ERs. Repeating this exercise with different values has shown almost no
change in the resulting yield band for Fyp < 2. This is not surprising because the
resolution is dominated by detector effects below 2 keV,e as described in

After benchmarking our simulation livetimes at high energy, we can make an argu-
ment that the measured signal is only consistent with previous yield measurements if
the (n,~) signal is present at the expected levels. In future studies, more work should be
done to independently measure the PuBe neutron flux and better validate the Geant4
simulations. This would eliminate the need for calibration to previous yield measure-
ments. The yield curves obtained using this method are obviously tied directly to the
previous yield points we chose to calibrate to. It is important to note that there is sig-
nificant tension in existing measurements even at higher energies. These tensions may
be due to the differences in the detector types, temperatures, electric field conditions,
and crystal purities used in the various measurements. For example, the Izraelevitch
measurements were obtained using a commercial Si drift detector which was 500 pm
thick and operated at 220 K and 110 V bias while the CDMS-II (Agnese) data was
taken with 10 mm thick ZIP detectors biased at +4 V and operated at ~50 mK. For
this work, we have used the Izraelevitch measurements for calibration simply because
they covered a complementary range of recoil energies. However, it could be possible
that, for example, there is some temperature-dependent effect that reduces yield from
the Izraelevitch to the CDMS-II (Agnese) values. In that case, lowering the calibration

points used would naturally affect the rest of the yield curves calculated here.

7.5 Discussion

7.5.1 This Work

The two main results of this work are the MCMC fit using the Sorensen model as shown
in and the Integral Method fit with (n,7) included which was shown in the
lower half of Both of these roughly agree with previous yield values over
the analysis range. Each method has its own strengths and weaknesses. The Integral

Method does not project below threshold and requires some simplifying assumptions,
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but it is flexible enough to generate arbitrary yield curves. In contrast, the MCMC
method can generate multi-dimensional PDFs of the parameters of interest, but relies
on functional yield models and may not produce sufficiently good spectral fits.

With MCMC, Fyp is driven quite high because it smears the (n, ) signal to improve
rising edge fit. The Integral Method does not need to do this, because it can adjust
yield there. However, this results in a noticeable wiggle in the yield and NR spectrum
around 300 eVee(1.5 keVy; ). These effects in both methods may be the result of an
improper NR spectrum. This is an essential component to this analysis because it is
somewhat degenerate with the targeted (n, ) spectrum. As mentioned above, this could
be due to the effect of un-modelled neutron interactions with impurities in the cryostat
material. Even if all materials were included, it as also important to have the correct
physics implemented in the simulation. This is not trivial since we are simulating a large
range of energies from meV to MeV. Recent studies have shown that even simulating
the gamma spectrum correctly for a detector near an AmBe source requires careful
selection of how certain low-energy neutron physics interactions are included in Geants
[240]. We should explore the systematic uncertainties introduced by the choice of such

calculation methods, particularly those describing neutron transport.

7.5.2 Next Steps

While neutron scattering experiments will provide complementary NR yield measure-
ments, the (n,v) technique has the advantage of being performed in-situ. The results
shown here are the first to demonstrate that this is a viable method to generate such
such low energy NRs to map out the ionization yield. To improve these results, it would
be good to find an independent way to benchmark these simulations. One possibility
is to use an iZIP detector either concurrently or in an otherwise duplicate run. While
the iZIP can only reach down to = 10 keVe, the ER/NR discrimination would allow a
nice measurement of the keV-scale neutron flux at the detector location and could be
directly compared to simulations. An HV detector operated at ~ 50 V could then be
used to provide an overlapping measurement from say 10 — 20 keVe, and a subsequent
low energy measurement with the lowest achievable threshold. In this way, one could
better constrain the low energy neutron spectrum.

A more game-changing next step to make the most of the (n,v) events will be the
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observation and tagging of coincident gammas and their incorporation into the analysis.
An array of external detectors, like the Nal devices tried here but with large solid-angle
coverage, would allow the selection of a very pure population of (n, ) events. This would
essentially eliminate the dependence on simulations of the other spectral components
(ERs and direct NRs). With sufficient energy resolution of the external detectors, this
could also allow identification of recoil energies on an event-by-event basis, given the
discrete nature of the various nuclear levels. Not only this, but the external detector
location relative to the HV detector crystal axis may even allow a study of directional
variation in NR response. This could be of immense benefit to any future efforts to

validate DM signals via directionality.



Chapter 8

HVeV Detectors

We have already discussed improving DM detectors by increasing the mass, refining the
position reconstruction, and by extending NR energy calibrations to low energies. This
chapter discusses a new generation of small detectors originally designed to improve the
detector energy threshold by sheer sensitivity and better characterization of HV leakage
properties.

These devices are operated at high voltage and able to achieve eV-scale energy
resolution, and have hence been named “HVeV”. The original HVeV device, designed
and tested at Stanford, was the first phonon-based detector capable of resolving single
e/h pairs [162]. These devices are small square chips with dimensions of 1x1 ¢cm? and 1
mm thick, about 1/2600*" the size of the current generation of SuperCDMS SNOLAB
flagship detectors (iZIP and HV). In the small devices, the leakage current density
is greatly reduced regardless of whether it is due to effects at the electrode surfaces
(which scale with area) or in the crystal bulk (which scale with volume). So while HV
detectors are currently limited to thresholds of 10s of eVge, the HVeVs now routinely
achieve ~0.1 eVee. Such low thresholds have allowed SuperCDMS to probe new low
mass DM parameter space even at above-ground facilities [47, [48].

Perhaps more importantly the HVeVs are an excellent testbed for improving the
technologies used in all SuperCDMS detectors. Below we highlight two such aspects of
this. First, we discuss the measurement of the increased energy efficiency of the latest
TES designs on the HVeV. Then we examine a new class of correlated events that have

been identified in these devices and which may improve our understanding of the HV
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leakage currents. The HVeV data discussed in the energy efficiency section was taken
with the Animal ADR at Northwestern University. Particular thanks to Z. Hong and
R. Ren for that work. The pulse burst data was obtained by running a similar device in
the NEXUS fridge at FNAL. For that work, thanks again are due to the Northwestern
crew and N. Kurinsky and V. Novati who helped in various ways to bring the facility
online and operate the fridge and detector. I was fortunate enough to play a role in
many aspects of that work including designing the cold electronics boards (Appendix C)),
designing and machining some of the mechanical fridge components, as well as operating

the run and performing data analysis.

8.1 Energy Efficiency

A natural way to improve detector sensitivity is to increase the efficiency with which
phonon energy is coupled to the TESs. Recall that there are several stages in this pro-
cess. After a recoil event in the crystal, the athermal phonons are initially propagating
in the crystal substrate, basically bouncing around the crystal. Eventually, the phonons
are either absorbed by an Al fin of a QET, absorbed by passive Al like bias rails, or
they thermalize. The fraction of phonon energy which couples into QET fins is the
first efficiency bottleneck. This is governed by a combination of phonon demographics
(population and energies), crystal geometry, substrate/QET material interfaces, and
electrode/QET geometry. Next, phonons in the fins only have a finite probability of
breaking Cooper pairs to produce quasiparticles (QPs), again a function of phonon de-
mographics. The QPs then must diffuse through the fins to the TES, become trapped
there, and deposit energy to heat the TES. All of this depends on the detailed fin geom-
etry, QP diffusion properties in the fin material, the effects of trapped flux in the fins,
and the fin-TES overlap geometry. There are clearly many factors to consider when
designing these devices, and such details are beyond the scope of this work. For more
information, interested readers can start with the following references [140, 198 [171].
In this section we discuss the measurement of the total energy efficiency of an HVeV
device which is set by the cumulative effects of all these processes. The results shown
here along with some of the gory design details described above are presented in an

upcoming device characterization paper [241]. Some innovations in the QET geometry



230
were included in this design and the theoretical energy efficiency was hoped to be near
~30%, almost three times higher than that obtained in the current generation of large
SuperCDMS HV detectors. However, it should be noted that the current state of such
design work involves a number of semi-empirical models, estimations, and scaling rules,
making it something between an art and black magic. The particular detector design
studied in this work was named “NF-C” and was a re-optimization of the device operated
in [242]. It was composed of two phonon channels as shown in and was operated
in the “Animal” ADR at Northwestern during Animal Run number 68 (AR68). The
following sections will describe the device characterization and measurements performed

to extract the detector’s energy efficiency.

ﬂ»‘ | RERERRRRERRERRLI
Outer channel

Al [

Figure 8.1: Phonon mask for the NF-C detector. Each channel is composed of approx-
imately 500 QETs in parallel.

8.1.1 Estimating Circuit Parameters

As derived in [Ch. 3] the phonon energy absorbed by a TES can be inferred from the

change in signal current and circuit parameters as

Ry,
Eope ~ <1 — 2—) IbRSh/(SIS(t)dt
Ry + Ry (8.1)
+ Ry, / SIS (t)dt

where Ry, = Ry, + Rpqr is the total resistance (shunt and parasitic) in the loop apart

from the TES, Ry is the TES operating resistance, and I is the TES bias current.
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Here we have defined §I5(t) = Ip — I5(t) > 0 as the change in signal current during a
phonon pulse relative to the quiescent value, Iy. This absorbed energy can be compared
to the calculated total phonon energy, Fi., to define the detector’s energy efficiency,
€ = Eups/Fior. 1t is thus important to constrain the several circuit parameters in order
to obtain a proper energy estimate.

These values are critical in determining the absolute energy calibration of the device
under test but are difficult to measure or estimate accurately during a run, and even
harder to get a handle on after the fact, so the values we used span our best estimate
of plausible ranges. The shunt resistance in AR68 was fixed at the nominal value of
R, = 50 m€). Any deviation from this was absorbed into R, as described in the next
section. The bias current, I, was realized with a voltage source and bias resistor. The
bias resistance was estimated as 8100 + 50 {2, with uncertainty mainly due to resistance
variations with fridge temperature. The voltage source was more complicated as two
different sources were used for the I, — I; sweep and the fixed I used for detector
operation. As discussed below, there was evidence for an offset between the two sources,
which was a major source of uncertainty. Finally, the signal current, I, is measured
by a SQUID-based amplifier, with input-to-feedback coil turns ratio of 14.0 £+ 0.1 and
first-stage feedback resistance of 2040 4+ 50 2. There were also several second-stage
amplifiers with gain factors estimated to be 1+ 0.01. These are important because the

digitized measurement of I scales linearly with each of these three factors.

8.1.2 [, — I, Analysis

As described in the analysis of I, — I curves yields two important parameters
used in the energy efficiency calculation; the parasitic resistances, I, and the operating
resistance, Ry. The NF-C device has only two phonon channels, a square inner channel
and an outer surrounding ring. Both TES channels have T ~ 65 mK. The upper row
of shows the observed I, — I curves for these two channels measured with the
fridge cooled to 50 mK. They behaved very similarly to each other, with TES transitions
observed below I ~ 20 pA and falling into superconducting (SC) below I, ~ 16 uA.
The curves shown there use the nominal circuit parameters.

Because the R, and the TES normal resistance, Ry were not known a-priori, the

only resistance scale was the (assumed value of) Rg,. Absent other information, one
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Figure 8.2: AR68 IV curve analysis. Blue curves show the values of I (top), Rrgs
(middle), and Prgg (bottom) for both channels as calculated using the nominal circuit
parameters. Vertical dashed lines represent the estimated range of operating point.

must make an assumption about the relative contributions to R, from the shunt and
TES branches. For this work, we assumed they both contributed equally because there
were roughly the same number of wires and connectors (the main sources of R,) on each
branch. From there, we used the slope of the SC portion of the curve to determine the
value of R,. With that, we were able to infer the TES resistance, Rrgg, and finally the
TES power, Prgs = I%ESRTES, as shown in the middle and lower rows of
One major systematic arose because the electronics which were used to control the
TES bias during I, — Is curves was different from that used when setting the fixed
bias point during detector operation. It is possible that the 0 point of the two setups

may have been offset from each other, but this was not discovered until well after the
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experiment was completed. This is evidenced by the fact that the intersection of the
SC and normal portions of the I, — I, curves were offset from the origin. If the offset
was somehow due to the fridge wiring, the fixed bias point setting would also undergo
this shift. However, if the shift is inherent in the I, — I, sweep electronics, the fixed
bias point would not undergo the same shift. The magnitude of these shifts are only
~ 0.2 pA in Iy, but this can account for 10s of m{) variation in the selected TES
operating resistance, Ry. For these reasons, we included this possible systematic shift
in the subsequent analysis.

To incorporate all of the known uncertainty sources, we repeated the I, — I; analysis
with every combination of values (min, nominal, max) for all of the parameters described
above. We also repeated this both with and without the I, offset shift. Then we used
the extreme ranges of the resulting values of R, and Rg as our credible region. The
results of this jackknife uncertainty analysis are shown in Although it is not

used in this analysis, we also list the calculated TES normal resistances, R,,.

’ Parameter ‘ Outer ‘ Inner ‘

R, mQ] | 123-188 | 11.2-175
R, [mQ] | 311371 | 332 - 396
Ro [mQ] | 125 - 186 | 136 — 196

Table 8.1: Parameter ranges derived from HVeV I, — I curves in ARGS.

As an aside, the assumption of equal R,’s on the two branches is almost certainly
not correct, but the values are difficult to nail down otherwise. One way would be to
run the identical electronics and TES loop wiring but with a TES having known R,.
Then, the normal and SC slopes could be compared to determine both parasitic values
independently. Another way to break the degeneracy is to operate identical runs but
with different Rgj, values (e.g. as we did at UMN in . In principle, this was
exactly the case in AR68 (Rs,=50 mf2) and several calibration runs of Animal operated
at TUNL (Rs,=10 mS2). However, such analysis comparing those I, — Iy curves has
not yielded sensible R, values. This could be an effect of small (mf2) changes in R,
introduced when changing detector payloads or connecting to different shunt resistors.
While this is not yet fully understood, it serves to highlight the difficulty of accurately

nailing down the various tiny resistances which are so important in these systems.
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8.1.3 Efficiency Measurement

The low-energy detector calibration was performed using short pulses from a 635-nm
(1.95 eV) laser. The laser was operated at room temperature and its signal reached
the detector through a plastic optical fiber, filtered against black-body and infrared
radiation at 1.4 K (for more details see Ref. [242]). The laser diode was driven with
a pulsed current source in pulses lasting 500 ns each. The laser produced Poisson-
distributed photon bursts with averaged number of photons per pulse, A ~ 0.3. The
laser pulses were synchronized with a T'TL signal which was also digitized and used for
offline analysis. The detector operated at an HV bias voltage of Vj;,s = 100 V for high
NTL gain, and the fridge temperature was stable at 50.00+0.01 mK. Cuts were applied
to select phonon pulses in the detector which were coincident with the laser signal, had
energy above the noise threshold, and which had low pre-pulse baseline values.

The identified phonon pulses were fit with the Optimal Filter (OF) algorithm and
the resulting energy spectrum is shown in|Fig. 8.3l Here, the energy has been calibrated
to the total phonon energy produced in an event. Given the applied bias voltage, the
signal produced by the absorption of n laser photons, each of energy E,=1.95 eV, is
expected to be

Eiot = n(Ey + € X Vpigs) = n x 101.95 eV (8.2)

where e is the electron charge and each absorbed photon produces 1 one e/h pair. Note
that this looks a little different from earlier expressions for total phonon energy produced
by higher energy ERs in e.g. SuperCDMS iZIP detectors. For such detectors, we can
not resolve the integer number of e/h pairs, so instead we used the measured average
value of ¢, = 3.8 eV /pair. However, in the HVeV analysis, the signal is known to be
groups of 1.95 eV photons and we could use the quantized e/h peaks for calibration.
The efficiency was calculated for individual phonon pulses by comparing the energy
absorbed by the TES as calculated with [Eq. 8.1 to the calibrated Eio. The resulting
distributions of efficiencies, for a given combination of systematically affected parame-
ters, are shown in [Fig. 8.4, The primary source of uncertainty in these values was the
systematic uncertainty of circuit parameters such as the TES bias resistance, R, and
the possible TES bias offset. For this figure, we have selected the most conservative

set of assumptions to obtain a lower estimate of the efficiency. Other combinations of
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Figure 8.3: HVeV low-A laser calibration spectrum. The x-axis is calibrated to total
phonon energy including NTL gain effects. Peaks correspond to signals generated by
0—4 e/h pairs liberated by laser photons.

systematic uncertainty values will shift the entire distribution to substantially higher
values. The width of each distribution is set by a combination of the noise and energy
variation of individual events.

As described above, we performed a jackknife uncertainty analysis to bound the sys-
tematic effects of the circuit parameters. The results of these calculations, extended to
the efficiency calculation, are shown in for different numbers of e/h pairs pro-
duced. The values quoted are the means of each distribution, along with the statistical
uncertainty of the mean and the systematic uncertainty of the mean. The systematic
effects are obviously dominant for all energies considered.

Recall now that the target efficiency of this device was in the neighborhood of
30%, comparable to the 27% obtained with its predecessor [242]. However, we are
confident that this new design has achieved further improvement and may be reaching
energy efficiencies as high as an order of magnitude better than that of the first HVeV
device tested just a few years ago [162]. Given this possibility, it was unfortunate that

uncertainties in the circuit parameters produced such large systematic uncertainties.



236

— 1e/h
1 2e/h
1 3efh
1 4efh
107 4
A
c
=]
5]
lul_

N Lt

800 2825 2850 2875 2900 2925 2950 2975  30.00
Energy Efficiency [%]

Figure 8.4: Distribution of energy efficiency in HVeV low-A data. Calculated using the
most conservative combination of systematic uncertainties.

However, there are plans to repeat this measurement in the NEXUS fridge with a far
more stable and better characterized circuit. Hopefully this work will be completed

soon and confirm these results with improved precision.
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# e/h || Efficiency [%] Stat. Syst.
1 43.7 +0.0021 | T13¢
2 43.5 +£0.0037 | 132
3 43.3 +0.0081 | *139
4 43.0 +0.032 | 128

Table 8.2: Mean Energy Efficiency
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8.2 Pulse Bursts

With the advent of the single-charge sensitive HVeVs, a number of interesting mi-
croscopic detector phenomena are able to be studied in new ways. For example, the
distribution of events with energy between e/h peaks (“non-quantized” events) allows
measurement of impact ionization and trapping probabilities [243]. The ability to dif-
ferentiate quantized and non-quantized events has also allowed closer study of possible
sources of leakage current when HV is applied. Recall that such leakage currents are
the main limiting factor of the SuperCDMS HV detector resolutions.

In the course of studying such effects in an HVeV device at NEXUS, we have recently
been examining an interesting and yet unexplained class of signals which have peculiar
timing properties. In particular, when operating the detector at nominal bias volt-
ages of ~100 V, there are occasional, momentary increases in the measured pulse rate
in excess of that otherwise expected from uncorrelated background sources. Anecdo-
tally, such bursts have been observed everywhere HVeVs have been operated (Stanford,
Northwestern, TUNL, and NEXUS) but have not yet been studied carefully. Most
importantly, we do not yet know if these signals are generated by some phenomena
external to the detector (e.g. correlated showers of photons) or internal to it (e.g. some
gated leakage mechanism) at the electrodes. While such questions remain unanswered
as of this writing, this section presents some initial efforts to describe and define this
class of signal. While the work presented here is primarily focused on results obtained
at NEXUS, much credit goes to R. Ren for ongoing studies of related phenomena at

Northwestern including discussion of the implications for DM detection [244].

8.2.1 Anatomy of a Burst

The bursts generally contain between several and several dozen pulses all within a few
ms. The individual pulses generally appear similar to have the same rise and fall times
as other “regular” pulses, but their primary distinction is correlated arrival timing. An
example of such a burst is shown in In this example, the first two pulses are
consistent with 2 e/h pair signals and the remaining pulses are each consistent with 1
e/h pair.

We developed crude criteria to identify bursts in the NEXUS datasets. A burst was
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Figure 8.5: Example pulse burst in NEXUS data.

any chain of 3 or more pulses which were each separated from the next by less than 8
ms. This value was selected somewhat by-eye, but the results we show are relatively
insensitive to it. To distinguish various types of pulses in the data, we developed a
burst index (BI) system. Pulses which were not part of a burst were assigned BI=0,
the first pulse in a burst, or burst “primary”, was assigned BI=1, and the k** pulse in
a burst was assigned BI=k. The set of pulses with BI>1 were also categorized as burst

“secondaries”. These labels will be useful in later sections.

8.2.2 Arrival Timing

One way to identify the presence of bursts in a large dataset is to examine the distribu-
tion of pulse interarrival times, At. If events are generated by a homogeneous Poisson
process of rate R, the probability of observing k events in time ¢t is

(Rt)ke—Rt

P(k in interval t) = 1

(8.3)

Here, we specify the process is homogeneous, meaning R is constant, at least over the
length of the observation. If several such uncorrelated processes are occurring, each with

different rates, R;, the same expression holds with R = . R;. This is the expected
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behavior of the signals observed in our detectors. They are generally from processes
like background radiation in the cryostat and environment which have half lives much
longer than the few hours of data taking. Now, the probability density function (PDF)

of interarrival times for such a process is
P(At) = Re B2, (8.4)

So we expect to see a simple exponential distribution of At values.

An example of the At distributions typically observed in a detector at NEXUS is
shown in |[Fig. 8.6 This shows the interarrival times of pulses from 24 hours of 100 V
HVeV data. The left figure shows the distribution at long time scales relative to the
~ 0.5 ms width of a single pulse. There, the distribution is exponential as expected,
with an implied rate of 7.3 Hz. However, there is an excess of events at lower At, which
is shown on the right. This is not explained by the same homogeneous Poisson process
and is an indication that the dataset contains correlated bursts of pulses. At time scales
shorter than the average pulse width, pulses begin to pile up and the current generation

of reconstruction algorithms cannot reliably fit all component pulses.

10° 4 —— Puois Fit: 7.31+0.02 Hz === Pulse Width

=== Extrapolated 10¢ —— Puois Fit: 7.31+0.02 Hz
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10° 5 m + Quality cuts —— Burst Fit: 7T1=6.38x0.25 ms, 72=0.5820.02 ms
Al
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Figure 8.6: At distribution of pulses in 24 hours of 100 V HVeV data at NEXUS.
Left: At long time scales, the distribution is well-modelled by a homogeneous Poisson
process. Right: There is an excess rate below ~10 ms which is indicative of pulse
bursts. The excess has been fit as the sum of two characteristic burst timescales atop
the extrapolated Homogeneous Poisson distribution.

The right side of also shows an attempt to model the excess. To do so, we
assumed that the pulses within a burst are exponentially distributed in time, with some

characteristic lifetime, 7. This is shown to be approximately true in the next section.
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This is no longer a homogeneous Poisson process because the rate is changing with time.

We can generate the PDF for an inhomogeneous Poisson process, by replacing
At
RAt — / r(t')dt (8.5)
0
where 7(t) is the time-dependent rate. Now the interarrival PDF becomes

At
P(A) = e~ Jo ' m(®)dt di / r(t)dt’
N t Jo (8.6)
_ ’I“(At)e_ fO r(t)dt’

Using our assumption that the rate time dependence is exponential, r(t) = %e*t/ T, we
obtain
1 _—atyr
P(AL) = = “TAYT-1 (8.7)
T

We can then add a distribution of this shape atop the already fitted homogeneous
distribution and fit the low At region. This neglects the timing between burst and
non-burst pulses, but is a fine approximation when bursts are rare. However, we found
that the excess is not well represented by a single 7 value. Instead we needed to include
an entire second such distribution as well. This is because even our exponential burst
model does not yield an interarrival time distribution very different from that of the
homogeneous Poisson. Basically this is because is dominated by the exp(—At/T)
term, and the double exponential does not contribute much to the total shape.

There is ongoing work to produce appropriate theoretical expressions for this timing
distribution, but it is a nontrivial task given the physical process responsible is not yet
known. One common related model is that of the gated or interrupted Poisson process
(IPP) [245]. Here, possible events are generated by an underlying homogeneous Poisson
process but they are also gated by another process which either inhibits or allows the
events to occur. A nice derivation of the interarrival time distribution for such a scenario
is presented in [246], which models the timing of Sferics (bursts of electromagnetic
signals generated by lightning). That result produces a distribution described by two
exponential values, as our excess appears to be. However, there are only burst events
present in their analysis, and the longer fall time is thus set by the rate between the
bursts themselves. In our case, there is also a significant constant background rate

which would fill those timing gaps and which produces the long At distribution. Of
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course none of these address the case of non-constant, intra-burst timing distribution,

which we will describe in the next section.

8.2.3 Other Properties

We present here some other interesting properties of pulse bursts. While this only
provides a brief overview of their many facets, this selection may hold some clues as to

their physical origin.

Burst Multiplicity

The total event rate in the detector was only ~ 7.3 Hz, so the occurrence of such
bursts randomly from a homogeneous Poisson process was exceedingly rare, especially
for bursts with high multiplicity (large number of pulses). Given our burst definition
(all At < Atpaz), the probability of any set of k sequential events being a burst is the
probability of having k£ — 1 short At’s surrounded by two long At’s. This gives the

following

P(burst of k) = P(At > At ez ) P(AL < Atyae)* P P(At > Atpas)
_ e—QRAtmaz(l o e—RAtmaz)k:—l

(8.8)

The total number of sequential sets of k events in a dataset of length T"is RT — k (on

average) so the total expected number of bursts of multiplicity k in the dataset is
N(k) = (RT — k)e2R&%maz (] — ¢~ RAImaz k=1 (8.9)

A comparison of this expected population to our observation is shown in For a
homogeneous Poisson rate of 7.3 Hz, there should have randomly been a few thousand
bursts of three pulses, but a vanishingly small number of bursts containing more than
six. However, we observed much higher values, including bursts containing as many as

40 pulses! Clearly something more interesting is happening here.

Intra-Burst Timing

In the upper plot of we show histograms of the secondary pulse arrival times

relative to the primary pulse. Recall that the category “secondaries” includes all pulses
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Figure 8.7: Observed number of bursts as a function of number of pulses in each burst.
The expected number of bursts for a homogeneous Poisson process is shown for com-
parison.

in a burst other than the primary. This was done separately for bursts containing dif-
ferent numbers of pulses. All categories show a roughly exponential timing distribution,
so secondaries are more likely to occur early in the early part of a burst and are rare
beyond 30 ms. The 3-pulse distribution is somewhat distorted because it contains some
background events and the burst definition cuts it off at 16 ms. Higher multiplicity
distributions do not have such issues.

This figure is interesting because it demonstrates some correlation between intra-
burst timing and multiplicity. If the bursts were produced by some process with statisti-
cal properties like radioactive decay, then the secondary arrival time distributions would
be identical regardless of the multiplicity, i.e. the measured half life of a decay does not
depend on the efficiency or solid angle coverage of one’s detector. The lower plot of
shows the best-fit exponential fall times of each of the secondary timing distri-
butions as a function of burst multiplicity. This may indicate the underlying process
has a lifetime that grows with the total number of particles it will emit (and pulses it

produces). If the process is occurring inside the detector, such as carrier injection from
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Figure 8.8: Top: Arrival time distribution of burst secondaries. Bottom: Fitted expo-
nential fall times as a function of burst multiplicity.

an electrode, then this could be a direct look at the populations produced. If this is from
some process external to the detector, doubtless there will be some additional geometric
or energy-based efficiency with which it couples to the device that could distort these

distributions to be different from that emitted.

Energy Distributions

We also studied the energy distribution of the various types of pulses in a burst to seek
further hints as to their origin. A set of histograms of the individual pulse energies

are shown in [Fig. 8.9 where they are separated by BI. All types of pulses demonstrate
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quantization, meaning they are either from a single carrier traversing the entire crystal or
an e/h pair produced in the bulk, with both electron and hole drifted to the appropriate
electrode. This rules out effects like the secondaries (BI>1) being trapped carriers that

are released by the primary event, or some sort of stragglers from the primary event.
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Figure 8.9: Comparison of energy spectra for various burst indices. Energy has been
scaled to number of e/h pairs produced

We also observe that the spectrum of primaries (BI=1) is shifted to higher energies
than the non-burst (BI=0) events, indicating fundamentally different processes at work.
This probably means that the bursts are not phenomena that happen randomly to any
primary, but rather that a class of events different from the normal background processes
is occurring in bursts. The primaries are also generally reconstructed to higher energies
than the secondaries, which are almost exclusively in the 1 and 2 e/h peaks. However,
given the current pulse fitting algorithms, it is difficult to tell if the primary is actually a
single higher energy event or simply many 1 e/h events occurring nearly simultaneously.
One way to answer that may be to reconstruct the physical location of the events in the
detector using the difference between the inner and outer phonon channels, but such
studies have so far proven inconclusive.

Finally, we note that there is an interesting difference in the spectra below the 1
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e/h peak. These events are generally assumed to be produced by 1 e/h events which
experience charge trapping and thus do not produce the full NTL energy. Here, the
non-burst events show a marked rise in this rate with lower energy. This could be
explained by an effect such as carriers injected from the electrode trapping again in the
region near the electrode instead of traversing the whole crystal. By contrast, the burst
events, especially those of high burst index, show proportionally less sub-1 e/h signal.
Again, this points to the bursts being produced by a fundamentally different process

than the non-burst pulses.

8.2.4 Changing Burst Behavior

It is natural to ask what changes in environment or detector operation have some effect
on these pulse bursts. We briefly mention a few such effects observed thus far. A. Mayer
at Northwestern demonstrated early on that the rate of bursts appears to be independent
of both detector bias voltage and laser rate. Note that this had not been tested for
detector biases below 60 V, since the quantized signal is not observed there. This seems
to leave open the possibility that the bursts are related to bias voltage, but there is some
turn-on threshold below which they do not appear. However, some work by T. Ren has
shown evidence that such bursts are still present when the detector is operated at 0 V
[244]. If true, this would be very telling as leakage processes like carrier injection are
expected to require at least some bias voltage.

One confusing finding was that the event rates increased after grounding and “bak-
ing” the detector with an IR LED (940 nm) overnight. The baking process has histori-
cally been used with larger SuperCDMS detectors because it was though to neutralize
charge trapping sites [204]. Indeed, when operating SNOLAB HV detectors at UMN,
we have found that without periodic LED illumination, full NTL amplification is not
achieved and the resolution of calibration lines becomes severely degraded. However,
the case seems to be different in the HVeV. shows the rate of events during
-100 V operation of a Si HVeV detector at NEXUS. The average rate of burst pulses
(i.e. all pulses that are part of a burst) was seen to increase dramatically following the
bake and took over a week to stabilize, albeit at a lower level than before the bake. The
rate immediately after the bake was in fact so high that pileup effects made the detector

nearly unusable. It seems that the non-burst rate was relatively stable through this,
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contributing about 10 Hz to the total (marked “All Pulses” in |[Fig. 8.10)).
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Figure 8.10: Trigger rate of events in HVeV detector at NEXUS. An overnight LED
bake generally increased rates for several days afterwards. The average rate of burst
pulses was observed to increase after the bake and took over a week to stabilize.

While it is confusing that the same behavior is not observed in larger devices, it is
promising that LED baking appears to be one way to modulate the burst properties.
It in fact appears to reduce the total rate, if one is patient enough. At very least, it
will be important that any realistic model of bursts be able to explain the immediate
rate enhancement after baking and the rather long time constant associated with the
reduction thereafter. In upcoming experimental runs at NEXUS, there are plans to
study baking further and to also test the effects of additional shielding external to the
cryostat. If bursts are somehow related to low energy photons such as those from the

LED, then perhaps shielding from the ambient background will also have some effect.

8.2.5 Speculations on Origins

At this point we have collected some pieces of circumstantial evidence related to pulse

bursts and their properties. Here we very briefly speculate on two possible origins;



248
transition radiation and gated charge leakage. However, there are also other interesting
possibilities such as processes where the crystal lattice itself is occasionally shifting and
reorganizing near defects.

One source currently being studied by A. Robinson at the University of Montreal is
transition radiation which is produced when relativistic charged particles pass a bound-
ary between two different media. In the case of HVeV detectors, this could be initiated
by the decay of radioactive contaminants on the copper housing surfaces releasing betas
that pass into and out of copper and Si surfaces. It is possible that this can result in
bursts of low energy photons produced in the detector cavity. The modelling of such
processes is still being pursued by A. Robinson and his research group, but it is an in-
triguing possibility because it may be already mitigated by other efforts to produce the
ultra-clean environment in the SNOLAB cryostat. In that case, the SNOLAB payload
may not have to contend with these effects.

Another possible burst culprit is some sort of gated leakage from the electrodes.
The idea here is that carriers from either the grounded phonon electrodes or the HV
bias electrodes may be able to enter the crystal bulk via inter-band states due to lat-
tice defects near the crystal faces. It is possible that a combination of such states will
periodically trap and detrap carriers, which themselves can modulate the trapping on
other nearby lattice sites. The periodic detrapping would then manifest as little bursts
of single e/h signals. Bursts of events have been extensively studied by those interested
in the origins of 1/f noise, especially in semiconductors. Such gating effects have been
pointed to as the source of bursty events in MOSFETSs [247]. By studying the noise
properties of FETSs, some have even been able to identify the individual trapping sites
responsible for gating and characterize their potential barriers [248]. It is suggestive
that such work describes processes in many ways similar to the pulse bursts observed
in HVeVs. Interestingly, even the time scales are roughly correct, with gating processes
lasting for periods of ms to a few seconds [249]. Unfortunately even our relatively small
HVeV detectors are still much larger than the FET's studied elsewhere and would likely
have so many leakage gates that only their aggregate effect could be observed. However,
if such surface states can be shown to be a source of leakage, there is extensive experi-
ence in surface passivation techniques that have been developed in the semiconductor

industry and could be applied here.
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8.3 New Perspectives on Old Problems

The new HVeV detectors are proving an excellent testbed for understanding the main
drivers of SuperCDMS detector technologies. We are using them to push the limits
of TES sensitivity by increasing their energy efficiency. Even the current generation
has reached the point where the factor limiting the sensitivity to small ER energies
is not the TES, but rather the Si bandgap energy required to make a single e/h pair.
Finally, the limiting factor in previous experiments like CDMSlite was the charge leakage
in HV detectors. This is still the largest barrier to realizing the full sensitivity of
the SuperCDMS SNOLAB experiment. With the HVeV, we are now able to resolve
individual charge leakage events. This is helping us gain insight into the microphysical
processes which govern their creation. In particular, correlated event bursts may point
to processes such as gated carrier injection from electrodes or external processes like
scintillation or transition radiation. Whatever the source turns out to be, it is nearly

certain that it will be uncovered utilizing the unique properties of the HVeV detectors.



Chapter 9

Conclusions and Outlook

This thesis has touched on a range of topics related to improving SuperCDMS detectors
via energy resolution, position reconstruction, NR energy calibration, and increasing
detector sizes. After initially covering the experimental motivation, we delved into the
world of TESs and discussed improvements in phonon circuit noise in [Ch. 4 We then
developed several methods to extract event position information given known physical
distributions in HV detectors in We also presented a new cryogenic source
moving device which allows calibration of event positions to a new level of accuracy.
In we showed how detector masses may be scaled up by presenting tests of the
largest-diameter cryogenic Si detectors yet operated. Next, we took a deep dive into
an experiment undertaken to use (n,7y) processes for low energy NR ionization yield
measurements in Finally, in we presented some snapshots of ongoing work
with HVeV devices that is both advancing TES sensitivity and probing the nature of
leakage currents. Along the way we have explained how these various improvements and
advancements serve the SuperCDMS experiment as a whole. In this final chapter we
seek to make that somewhat more concrete by demonstrating the effect of such detector

developments on the experimental sensitivity to WIMPs.

250
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9.1 Effects on WIMP Sensitivity

We explored the effects of four different parameters on experimental sensitivity to WIMP
DM; ionization yield, detector energy threshold, detector mass, and volume fiducializa-
tion. The most interesting and unique results in this thesis (low energy yield and 150
mm crystals) only pertain to Si and have not yet been studied in Ge. As such, we leave
the discussion of such advancements in Ge to future authors pending such experiments.
For each of the effects examined, we generated simulated experiments to determine the
experimental sensitivity to WIMP parameters. Before presenting the results themselves,

we describe the methods used to obtain them.

Background Spectra

Rare event searches such as SuperCDMS SNOLAB are limited by various backgrounds
due to the detector material, cryostat, and laboratory environment. As such, Super-
CDMS has devoted a tremendous amount of effort to assaying and tracking all ma-
terials and their contaminants as well as performing extensive modelling and simu-
lations in efforts to understand and reduce all such backgrounds as far as possible
[1211, 217, 250, 251, 252] 253]. The fruit of this labor is now readily available within the
collaboration via tools such as the “Background Explorer”, which provides the current
best estimates of experimental background rates in the SuperCDMS SNOLAB experi-
ment.

shows the expected background spectra of both ER (solid black) and NR
(dashed black) single-scatter events in Si detectors as obtained from Background Ex-
plorer. In this analysis, we assumed that multiple-scatter events can be effectively
vetoed and do not consider them further. The probability of a WIMP scattering mul-
tiple times in a detector is also negligible. Some of the important components of the
backgrounds are also shown. The shape of a WIMP recoil spectrum is such that the low
energy distribution (above the detector threshold) is generally the main driver of exper-
imental sensitivity. We see here that the lowest few bins of the rate are dominated by
NRs from coherent neutrinos (of solar and atmospheric origin) and ERs from detector
contamination.

In Si detectors, the dominant contaminants are 32Si and 3He. Both are spallation
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Figure 9.1: Estimated background rates for Si detectors at SNOLAB.

products of cosmic ray secondaries with other materials and result in 3 decays. The 3He
production mechanism is spallation of Si nuclei in the detector crystals [254], so efforts
are made to minimize the time fabricated crystals are above ground to reduce this effect.
This includes underground storage, avoiding air transport, and even optimizing ground
transport routes to avoid time at high elevations. 32Si is a little trickier to mitigate since
it is thought to be produced primarily by spallation of atmospheric argon and becomes
incorporated into natural Si deposits via rain and seawater [255]. There have recently
been successful efforts to manufacture isotopically pure ?8Si samples using centrifugal
separation [256] or mass spectrometry methods [257], but crystals of the size used in
SuperCDMS are not yet commercially available or otherwise affordable in the quantities

required.

Generating Projected Sensitivities

The background rates are used to generate simulated ER and NR events. For a given
simulated experimental exposure, an appropriate number of energies are randomly sam-
pled from the distributions shown in The ER events are then converted to the
NR scale (to units of €V},,.) using a yield model and detector bias voltage. An example
of such a simulated spectrum for 9.6 kg-yr of Si exposure is shown in [Fig. 9.2l The
set of simulated event energies is then used to calculate a 90% C.L. exclusion value of
the WIMP-nucleon scattering cross section using the Optimum Interval (OI) method

[258, 259]. The OI method is designed to calculate an upper limit given measured data
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in the presence of unknown backgrounds by considering especially sparse regions where
few events are measured. It does not require binning of events and is a conservative
approach as it does not assume any information about expected background rates. The
recoil spectrum from WIMPs assumes a spin-independent interaction and the standard
halo model as in In each scenario tested, the limit calculations are repeated
five times and the median cross section at each WIMP mass is taken to form the final

sensitivity estimate.
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Figure 9.2: Simulated background spectrum for Si detectors at SNOLAB. In this ex-
ample, the ER energies have been converted to keV,,, using the default Lindhard yield
with k=0.146 for Si.

For most calculations, we assume the initial SNOLAB payload, which will include
two Si iZIPs and 4 Si HV detectors operated over 5 calendar years and expected to
obtain 4.8 kg-yr and 9.6 kg-yr of exposure respectively [217]. For the HV detectors, we
will assume a flat 85% fiducial volume efficiency for all events above detector threshold.
This accounts for analysis cuts which will remove events at high detector radius which
may be poorly reconstructed. This is somewhat conservative since the efficiency will be
somewhat lower for ERs, which are preferentially near the detector surfaces, but this

does not greatly affect the results presented here. The cuts used with iZIPs are slightly
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more complex as explained in section below.

When showing the resulting projected sensitivity plots, we included the neutrino
floor and exclusion limits from several leading experiments for comparison. The neutrino
floor is the region where signals from scattering of solar and atmospheric neutrinos will
be competitive with DM interaction rates [260]. We only plotted the neutrino curve
for Si, which is appropriate for the detectors simulated, but which is also generally
more conservative (higher cross-section) than e.g. Ge or Xe. While there are ways to
distinguish between neutrino and DM signals (e.g. directionality, annual modulation)
this curve represents the regime where neutrinos will make DM discovery claims very
difficult for the current generation of detectors. We also show a set of exclusion limits
from the following experiments: CRESST-IIT [261], CDMSlite Run 3 [101], PandaX-II
[262], and XenonlT [263]. This combination forms the leading edge of explored WIMP
parameter space in the region where SuperCDMS SNOLAB will be competitive. Finally,
we include the official SNOLAB sensitivity projections calculated in [217]. The actual
data points that form these neutrino and experimental curves were all taken from the

database contained in the Dark Matter Limit Plotter [111].

9.1.1 Yield and Threshold

We start by considering the effect of the NR ionization yield function. As discussed
in [Ch. 7] this quantity is very important for SuperCDMS HV detectors because it is
needed to convert measured phonon signals to the NR energy scale, eV/,,.. For events that
produce charge, the NTL amplification improves the sensitivity to low energy signals,
including both ERs and NRs. Importantly though, the difference in yield between ERs
and NRs leads to higher gains for ERs which effectively stretches their spectrum out
relative to NRs. The degree of this stretching is determined by the yield function and
detector bias. Further, if the yield has a cutoff below which NRs do not ionize carriers,
then those events will experience no NTL gain. In this case, increasing the detector bias
will amplify ER signals away from the low energy NRs.

We calculated projected sensitivities with the four different yield functions shown
as solid curves in The first is the basic Lindhard model with k = 0.146 as
predicted for Si [222]. This model has been shown to be accurate at high energies, but

appears to overestimate the yield below ~ 5 keV. We also considered the Chavarria
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parameterization with k = 0.146 and a~! = 4.0 keV. This empirical fit was selected
to agree with Lindhard at high energies and the DAMIC measurements [215] at low
energies [120]. In addition, we calculated sensitivity projections with two of the most
promising yield functions obtained in the UMN R68 analysis discussed in [Ch. 7] These
were calculated using the Integral Method of and the Sorensen MCMC analysis
of Note that these final two models both have a hard cutoff below which
NRs do not produce ionization. For the Integral Method, we use the single yield curve
which best agreed with the Izraelevitch data (red solid line in as well as 100
randomly selected curves which fill the red shaded area. As described in this
covers a whole family of curves which were in plausible agreement with the Izraelevitch
measurements and our data. Note, however, that the shaded region here is extrapolated

to higher and lower energies than shown in [Fig. 7.33
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Figure 9.3: Comparison of yield models considered. Lindhard is valid at high energies
while Chavarria is also consistent with DAMIC measurements. The Integral and MCMC
Sorensen yield functions obtained in R68 both cut off near 400 eV,,,.. The red shaded
region is bounded by two extreme yield functions obtained with the Integral Method.

To perform the OI calculation we must also prescribe a detector energy threshold, in
eVur, below which the signal efficiency is 0. Current SuperCDMS projections assume the
HV detectors will be sensitive to single e/h signals when operated at 100 V bias [217].
This requirement is essentially that the threshold be 100 eV, where eV}, denotes total
phonon energy (recoil plus NTL). This translates to different eV}, values depending on
the yield function. For Lindhard and Chavarria, the thresholds are 23 eV}, and 71
eVyr respectively. However, the Integral and MCMC Sorensen models cut off high
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enough in energy that the only way for an NR to generate 100 eV;, is for there to be
no ionization produced, with the full 100 eV coming from a 100 eV}, recoil. For this
reason, the Integral and MCMC Sorensen models are assigned thresholds of 100 eV,
for this calculation. The resulting projected sensitivities under these assumptions are

shown in |[Fig. 9.4
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Figure 9.4: WIMP sensitivity curves for Si HV detectors using different yield models.
Assuming nominal SNOLAB payload and exposure with 1 e/h phonon threshold.

We find here that the Lindhard model provides the greatest reach to low mass
WIMPs due the lower energy threshold. The two cutoff yield models (Integral and
MCMC Sorensen) give very similar results to each other, although the full range covered
by the Integral Method is quite a bit larger. The Chavarria yield function naturally lies
somewhere between these extremes, but has nowhere near the reach which would be
obtained if Lindhard held at low energies. While the low-mass cutoff of a sensitivity
projection is generally set by the energy threshold value, the reach in cross section
at higher masses is also related to the background rate at higher energies, which is
dominated by ERs. But, recall that the density of ER hits in eV}, units is set by the
yield function, with lower yield values (such as with Integral and MCMC Sorensen)
converting ERs to higher eV, values, and thus thinning out the spectrum. In this
way, the low-yield models can sometimes result in improved cross section reach at high
WIMP masses. The sensitivities here are somewhat stronger than the projection from

[217], labelled “Si HV goal”. This is primarily due to the different yield functions
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assumed, with agreement seen with Lindhard at high mass and Chavarria at low mass
corresponding to agreements in the yield functions at high and low energies respectively.

Now, as discussed elsewhere in this thesis, the energy threshold of HV detectors
is driven by leakage currents which are not fully understood. At this point, no HV
detector has yet exhibited the 1 e/h resolution assumed above. We next consider a
more conservative threshold case. In UMN R68, we worked very hard to obtain a 50
eVee threshold with a Si HV detector. shows the result of moving instead to
that condition which corresponds to a range of thresholds from 246 eV, for Lindhard

to 603 eV}, for MCMC Sorensen. At these higher energies, even the cutoff yield models

will generate some ionization.
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Figure 9.5: WIMP sensitivity curves for Si HV detectors using different yield models.
Assuming nominal SNOLAB payload and exposure with 50 eVee phonon threshold.

This represents a rather dramatic scale back in experimental reach. We have raised
the thresholds by factors of 5-10 and see the mass reach pulled back proportionally. The
cross section also rises by a factor of 5 because the background rate near threshold rises
as we increase the threshold energy. However, this should be taken as a very pessimistic
scenario as the 50 eV analysis threshold of R68 was driven by an abundance of spurious
triggers on phonon noise due to a simplistic triggering algorithm, non-optimal noise
conditions, and the generally high-rate environment at a surface facility. At SNOLAB,
the raw noise and rate will be improved and the simple threshold triggering will be

replaced by a real-time Optimal Filter (OF) trigger, similar to that used in [264]. Given
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these considerations, we assume a more realistic threshold of 10 eV, can be achieved
even without eliminating the leakage current. This value was selected as it corresponds
to the OF baseline resolution observed in R68, which would be near that which would

have been attainable with an OF trigger.
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Figure 9.6: Effect of different analysis thresholds assuming the Chavarria yield function.

For comparison, shows the sensitivity projections obtained with a range of
thresholds. We see here how threshold primarily dictates the low-mass reach. However,
once the threshold is high enough, it also begins to pull up the cross sections as well.
We have selected the Chavarria yield function for this figure and will use it for the
remaining studies. However, as we found above, if the yield function has a cutoff as

seen in R68, the sensitivities will be similar, but slightly weaker.

9.1.2 Detector Size

We next consider the case of increasing exposure by changing the detector size. In
we demonstrated successful operation of 150 mm diameter Si crystals with charge
readout. The next natural step will be to confirm that crystals of this size will also
perform well as phonon detectors, similar to the current generation of 100 mm HV
detectors. Though none have been fabricated yet, we considered a hypothetical upgrade
of the SNOLAB payload where the four 100 mm Si HVs are replaced with 150 mm
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versions. We also examined the case where the entire SNOLAB cryostat is used to
house a payload of as many 150 mm Si detectors as will fit. The mixing chamber can
is currently designed to house seven towers, each capable of holding a stack of six 100
mm detectors (however only four such towers will initially be deployed). Ignoring the
many engineering details required for such an upgrade, we find that we could instead
fit a maximum of four towers with housing wide enough for 150 mm detectors, for a
total of 24 such detectors. Both of these scenarios were considered and compared to the

nominal payload. The projected sensitivities calculated with the OI method are shown
as dashed curves in
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Figure 9.7: Effect of increasing Si HV detector mass. Orange curve shows effect of
simply replacing the nominal Si HV payload of four 100 mm detectors with four 150 mm
detectors. The green curve indicates the gains obtained by filling the entire SONLAB
cryostat with only 150 mm Si HV detectors. For the methods tested here, dashed curves
were obtained with the OI method while solid lines were calculated using a Poisson
method including a background estimate [265].

Here we find a much less dramatic result than when considering yield and threshold
above. When simply increasing the detector diameters to 150 mm, the cross section
reach improved by a factor of 1.2. This is somewhat less than the raw ratio of masses
(2.25), which is how the cross section would scale for a totally background-free experi-

ment. Similarly, when moving from the nominal payload to a full cryostat of 150 mm
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detectors, the cross-section improved by a modest factor of 1.7 even though the expo-
sure increased by a factor of 13.5. This is because the experiment is primarily limited
by background signals, not exposure.

The OI method does not use any information about the expected background rate
when calculating a limit. For this reason, the projected sensitivity does not scale as
strongly with exposure compared to other methods which do include such information.
For example, if we instead treat this as a simple counting experiment with a single bin
from the detector threshold to 1 keVy,,, we can calculate sensitivity projections using
the Poisson method described in Sec. 28.6.4 of [265]. These are also shown in
using solid lines of corresponding color to the OI calculations. These sensitivities tend to
scale with the Poisson uncertainty on the number of counts in the bin, so they improve
proportionally to the square root of total exposure. However, as discussed in [217], we
generally choose to use the conservative OI calculation for such projections to avoid
biases induced from binning choices.

In all three cases calculated with OI, the low-mass reach did not change substan-
tially because the energy thresholds were the same. So we find that even dramatically
increasing the mass (or equivalently livetime) only provides modest scientific gains unless
paired with threshold and/or background reductions. However, for a given realization
of an experiment, stronger sensitivity projections may be set than with OI if one uses
techniques (e.g. the Poisson method above or profile likelihood fits [I01]) which take the

expected background spectrum into account.

9.1.3 Fiducialization

Finally, we consider the case of volume fiducialization in the Si iZIP detectors. In
we demonstrated a device and procedures to improve position reconstruction
in an iZIP. While this can improve fiducialization in HVs as well, the results are better
in the iZIP, which is considered here.

We treated the iZIPs a bit differently from the HV detectors. First, we assumed the
nominal payload and exposure of 2 Si iZIPs operated for 4.8 kg-yr at bias voltages of
+5 V. Recall that the interleaved phonon rails are grounded and the charge channels
on opposite detector faces are biased to opposite signs, so this provides an NTL voltage

of 10 V for events occurring in the crystal bulk. As in [217], we will assume a phonon
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analysis threshold of 166 eVnr, which is driven by phonon circuit noise and is not affected
by leakage currents at these low voltages. Importantly, the iZIP is able to discriminate
between ER and NR events based on yield and has demonstrated rejection of ERs at
the level of 1.7 x 107 [159]. We will assume such a cut efficiency for ERs above the
expected charge resolution of =~ 1 keVy,, with ERs at lower energies passing the cut.
The efficiency will not be a step function, but will roll off due to the Gaussian charge
resolution. We incorporate this using an error function centered at 1 keV,, with width
0.3 keVy,;, consistent with the efficiency implied by Fig. 7 of [217].

We tested the position reconstruction effects in a simple manner. In iZIPs, cuts are
generally made to remove events near the crystal surfaces by considering the charge
signals. The interleaved channels allow events within about 1 mm of the faces to be
identified and removed. The outer charge electrode, named “Qouter”, covers radii from
43.2 — 50 mm and is used to identify events near the outer detector surface. Assuming
this is able to identify all such events beneath the electrode, the remaining fiducial
volume fraction from these two cuts is about 72%. For comparison, we considered a
hypothetical improved radial cut based on studies of phonon signals using the source
mover. By using detailed studies with such a device, one could develop a complete map
of the phonon channel responses at all positions in the detector volume. This will be
especially important at high radius where position-dependent corrections to energy can
be found. With such a calibration, we believe one could also reliably reconstruct the
radius to within 1 mm. This is approximately the resolution attained in the most recent
studies with the source mover. Assuming the energy and radius are able to be properly
reconstructed for high radius events, an improved radial cut could reliably remove all
events with radii from 49-50 mm, improving the fiducial volume fraction to 93%. The
results of simulations with these assumptions are shown in where the projected
SNOLAB sensitivity is also shown for comparison.

Here we observed sensitivity curves with two distinct lobes. The higher mass region
corresponds to the higher recoil energy range where the yield cut is able to remove most
backgrounds. In this region, the improved radial cut lowers the cross section linearly
with added fiducial mass (i.e. by the a factor of 93/72 ~ 1.3). At lower energies, there
is still some ER background and the reach almost scales the square root of fiducial

mass (though it is slightly weaker as we found in the 150 mm study above). The kink
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Figure 9.8: Experimental reach for nominal payload of Si iZIPs for different radial cuts.
Using an improved phonon cut to exclude only the outer 1 mm of the detector volume
slightly improves the cross-section reach.

in the curves is the transition between these two regimes and corresponds to the OI
method selecting a different energy interval to set the limit. Both simulated curves
are qualitatively similar to the official projection, but are somewhat lower between
1-2 GeV. This is due to the different yield function used in that analysis, with the
Chavarria function used here smearing the ERs to higher energies, thus improving the
reach between threshold and the onset of the yield cut at =~ 1 keVy;.

As modelled here, the fiducialization imposes an efficiency on both ERs and NRs
which is equal to the fiducial volume retained. This is equivalent to assuming that
events are uniformly distributed through the detector volume. While this is close to
true for most NRs, and certainly correct for WIMPs, many ER backgrounds will be
more densely located near the detector edges. This is, of course, one of the reasons we
make fiducial cuts in the first place, because they preferentially remove ERs. While fully
accounting for these effects would take more detailed modelling (including tracking of all

event origins and interaction locations) doing so is only expected to shift the sensitivities

in by ~ 10%.
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9.2 Outlook

The work presented in this thesis has covered several advancements related to cryogenic
detector performance that are crucial to the SuperCDMS experiment. Of all these
aspects, I have come to believe that mitigation of the HV leakage is currently the most
important technical barrier to overcome. Some argue that the leakage source is inherent
to surface operation of the detectors because it is somehow related to cosmic rays or
other backgrounds. In such a case, the leakage will be solved and single e/h thresholds
achieved by simply moving to the well-shielded SNOLAB environment. However, if this
not the case, it is likely that further studies of the leakage using HVeVs, as discussed
in will be essential. To be sure, the experiment can still be successful in carving
out substantial new parameter space even if the leakage persists at current levels (see
Sec. VII of [217]). However, we should continue to aggressively research these effects in
order to realize the full sensitivity of the SuperCDMS experiment at SNOLAB.

Even if the leakage is improved underground, efforts should be made to understand
and mitigate it at the surface. This will help advance the use and utility of the fantastic
QET sensor technology developed by SuperCDMS members. These leakage effects are
also interesting more broadly because they are likely related to dark currents observed
in a range of other types of semiconductor detectors and devices as well. Beyond that,
advancements can be made in the current detector architecture through features such
as QET efficiency, crystal size, and channel layout optimization for position sensitivity.
Additionally, to extend the useful range of all such devices, it is important to complete
the work of characterizing NR ionization yield down to the lowest possible energies. We
have shown that novel techniques involving (n,~) processes can play a useful role in
that effort. These improvements are not just important for academic reasons, rather
SuperCDMS must continue its history of innovative detector R&D or risk being outpaced
by our many (and formidable) competitors.

My grad student tenure has spanned the sometimes awkward period between two
eras of SuperCDMS; Soudan and SNOLAB. Ending one experiment and gearing up for
another has had its share of fits and starts. The collaboration has had to transform
from a finely tuned DM data-taking and analysis machine to scattered bands of spec-

ulative R&D projects paired with an organizing force planning a massive scientific and
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engineering undertaking. Now, with construction at SNOLAB underway, the shift has
again begun to forming a cohesive force capable of staffing and operating this ambitious
project. Through all such changes, there has necessarily been tension between our desire
to push the technologies ever further and the practical need to build a reliable, working
experiment. While much of my work has been in the former category, there will soon
need to be a large shift of laboratory and analysis effort to the main DM search at
SNOLARB. While this will likely mean fewer collaboration resources devoted to R&D it
is important that such work continue as much as possible to create future generations of
SuperCDMS DM searches. However, this transition also comes with new opportunities
for analysis and simulation R&D. While I have not mentioned it at all in this thesis,
considerable work is being done by younger members to take new techniques from data
science and machine learning and bring them to bear on thorny problems like detailed
event reconstruction. While there will be formidable challenges ahead, I am confident
that the dedicated and skilled members of the SuperCDMS collaboration are up to the
task!

As presented at the beginning of this work, much has been learned about DM since
the beginning of the last century. We have come to understand its role in the evolution of
the universe, and its effect on structure formation and evolution. However, the ultimate
nature of DM remains one of the largest open questions in physics. This situation
is certainly not due to lack of effort, since scores of experimental searches (built of
uncountable millions of person-hours) have pursued various and creative approaches to
gleaning any further evidence about the properties of DM. While much has been learned
about what DM is not, there are certainly still many possibilities open which we have
either not considered theoretically or are not yet able to achieve technologically. To
describe this situation, I borrow the unofficial slogan of the Madison Symmetric Torus
(another perhaps-Quixotic project where I began my physics career) which reminds us
that, “NATURE BATS LAST”. Nevertheless, the physics community is undaunted and

as energetic as ever in this quest! Besides, if this stuff was easy, it wouldn’t be so fun!
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Appendix A

WIMP Parameter Calculations

A.1 Thermal Freezeout of DM

We wish to calculate the expected relic abundance of a DM candidate. In the early uni-
verse, the energy density was so high that all SM particles were in thermal equilibrium.
We will assume that the DM was also initially in equilibrium with the SM bath, but the
population became frozen-in as the universe cooled and thermal production of the DM
became rare. If that DM was stable, it then remained until the present. In what follows
we follow the derivations of [266], 42, [I7] to calculate the required m, and annihilation
cross section for x’s to be the dark matter. Plank units (G =c¢=h = kg = 1) are used
throughout.

The rate of DM annihilation in the early universe is given by
I' = ny(ov) (A.1)

where n, is the DM number density and (ov) is the thermally averaged product of
the annihilation cross section and relative velocity. This process will keep the DM in
thermal equilibrium with the SM bath as long as it occurs often enough.

Decoupling occurs when the reaction rate is approximately equal to the Hubble
expansion rate, I' & H. One way to understand this is that it is when the mean time
between interactions, 1/T", has slowed to be about the age of the universe, 1/H. We
require the DM relics to be non-relativistic, as required by large scale structure. In

that case, they must decouple when the temperature of the universe is relatively low,
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T < my.

When a species is in equilibrium, the phase space density is described by

- g
I®) = ColEw — T £ 1 (4.2

where the +(-) sign is for fermions (bosons), g is the degeneracy of a single particle

state, I is the particle’s energy, and u is the chemical potential. If we assume that the
DM is non-relativistic (E ~ m + p?/2m) and p = 0, then we can relate the number

density of the DM to the temperature as

d3p
”x:/(%)g,f(i?)
4 0 2

3/2
~ mXT / —my /T
~ gX I e

This will let us track the DM population as the universe cools. Importantly, we see

that the population is exponentially sensitive to the freeze-out temperature. So what’s
the rest of the universe doing at this same time? At these early times the universe is

radiation dominated (Q = Q) and

8w

where pp is the energy density of when the universe is radiation dominated. Now, we

can also relate this energy density to the temperature and the number of particle species

which were still relativistic. The energy density of a species in equilibrium is given by
d®p

= | —F . A5

P / o)’ (p)f(p) (A.5)

We can solve this by inserting the expressions from above and substituting the dimen-

sionless parameters, © = E/T, a = m/T. This allows us to write (again assuming

n= 0)7 4 2 2\1/2
g1 [ (* — o)
p= 271-2 / o+ 1 LIZQd[L‘. (AG)

This dimensionless integral is solved in [266] and the results, accounting for particles

and antiparticles, give
w2 4
= qT Bosons
309

2 .
% o gT* Fermions
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Now we can figure out the total radiation-dominated energy density by summing the
contributions from the various particle species which were relativistic at a given time
(temperature). This is commonly written as

7r2

%Q*(T)T4 (A.8)

PR =

with g.(T') = Np+ ng—l—% (14—1)4/3 N, being the number of “effective relativistic degrees
of freedom” at temperature 7', i.e. those particle species which have m < T'. Here Np is
the number of baryons, Ny is the number of fermions, and NV, is the number of neutrino
species which were relativistic. The extra factor of 4/11 for the neutrinos is a correction
for their effective temperature being higher than the rest of the radiation bath. The
values for g, range from 106.75 when all SM particles were in equilibrium to 3.36 today
using just the photon (2 polarizations) and three neutrinos (and their antiparticles).
Now we are ready to combine all of the above results. Doing so, we find the conditions

at freeze-out to be described by
'~ H

3/2 1/2 A9
(ov)gy (mpr> PRULYELN <87r39*FT1§’> )

2 90

where the F subscript denotes the value of a quantity at the time of freeze-out. Using the
approximation mv? ~ T = (ov) ~ op(T/m)"/? (where o is the effective cross-section

at freeze-out), one finds

87‘(‘3 /gxF emx/TF
3v10 9y
~ 103 Y22 i

9x

OFMy &

(A.10)

where we have used m, /Tp = 4 as the non-relativistic requirement in the last line.

Now, the density of x’s today can be calculated as

8
QX = T]{&mxnx’o (All)
where n, o is their present number density. Because both the number density, n,, and

entropy density, s, of x’s after decoupling scale as a~3, the quantity n/s is a constant.
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Using this and the fact that, for a relativistic fluid, s o< g7, we can describe the number

density evolution as

3
50 9%5,0 To)
n’oznypf:n’p : e A.12

X X Sp X Q*S,F <TF ( )

where ¢,5(T) = Np + %Nf + %%Ny is the effective degrees of freedom, now with a
slightly different temperature scaling to match the entropy density. This is nearly the

same as g, except at low energies where g,g = 3.9.

87 9xs,0 ( To 3
= — 2 = A.13
X 3H3 mxnx,Fg*& <T ( )

Finally, substituting [Eq. A.3| and [Eq. A.10|into [Eq. A.13|and using Ty = Teyp = 2.73

K as well as the same non-relativistic condition as above, we obtain

1/2
X 9xS.F

(A.14)

3 X 10_37cm2>
OF
where Hy = hyg 70 km/s/Mpc. For T' 2 1 GeV, g.r = g«s,r ~ 100 and \/g.r/g«s,r =~
0.1. This shows that a DM candidate particle can account for the observed cold DM
abundance (Qch2, = 0.24 [14]) via the freeze-out mechanism described above. Re-
markably, the required annihilation cross section is similar to the electroweak scale
(ocpw ~ 10738 cm™2) [266]. It is important to note that the interaction itself need not
involve the weak force, it would just occur at the same scale. This is, however what

gives WIMPs their name.

A.2 Theoretical WIMP Detection Rate

In this calculation, we follow the standard derivations of [83, 267] to calculate the
interaction rate of the galactic WIMP halo with a terrestrial detector as well as their
expected nuclear recoil spectrum.

The interaction rate per unit mass of target material for a WIMP is naively

R= - 5 (A.15)

mymy

where p, is the local DM mass density, m, is the WIMP particle mass, my is the

target nucleus mass, o is the cross section for DM-nucleus elastic scattering, and (v)
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is the average DM velocity. However, the details of the DM velocity distribution and
the energy-dependence of the scattering cross section are also important. The latter is

commonly described as

do o0 o

— = F A.16

i~ (@) (A.16)
where ¢ is the momentum transfer in a single scatter, y = TZ’S:ZINN is the DM-nucleus

reduced mass, and F'(§) is the nuclear form factor which encapsulates the momentum
dependence of the interaction. oy is the effective cross-section scale, it is the same as
the total cross section for the case of F' = 1. To include these effects, we write the

differential cross section as

Px oo Ao o
dR = —— dv—=d

pxo0  f(0) o 2
= F
4pPmymy v (q)dvdq

(A.17)

where f(¥) is the local DM velocity distribution. In a real detector, we generally measure
the energy of the recoiling nucleus, Er, after an interaction. We connect momentum
transfer to this quantity by noting that, for the simple 2-body scatter, the momentum
transfer is

¢ = 2p*v%(1 — cos 6) (A.18)

where 0 is the scattering angle in the center of momentum frame. Then the energy

imparted to the nucleus is
2,2

Er=¢*/2my = (1 —cosf). (A.19)

my
Integrating over the velocity distribution, we can then write the rate as a function of

recoil energy
dR — pXUO F2
dER 2mX'u2 Umin
where vy = v/ Ermy /2u? is the minimum DM velocity that can impart an energy Fr

(i.e. when € = 7). The integral is formally out to v = 0o, but the distribution generally

En) [ fgj’)dv (A.20)

cuts off at some characteristic galactic escape velocity, vese. The local DM velocity
distribution can be somewhat complex, but it is standard to assume a Maxwellian to
first order. That distribution is written as

4o?

flv) = Wexp[—vz/vg]dv (A.21)
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where vg is a characteristic DM velocity and the distribution has been normalized such
that the integral over all angles and velocities is unity, [ f (7)d3v = 1. Inserting this

result and performing the integral we obtain,

dR Px00
= F?(ER) exp[—v2 . v}
dER \/EUOmX‘ug ( R) p[ mzn/ 0]
(A.22)
_ PxO0v0 2 o exp[—FERr/rEp]
= —=F(Ep)——(——
My My /T rEg

where r = 42 /mympy is a classical elastic collision factor and Ey = mxva/2 is the
characteristic DM kinetic energy. This expression describes the spectrum of recoil ener-
gies that would be measured by a terrestrial detector. One important result is that the
spectrum will be a featureless exponential in recoil energy. The general shape can be
changed by the form factor as well, but the fact remains that the interactions are pref-
erentially at low energy. The total rate that can be seen by a real detector thus depends
on the energy threshold, Er, below which depositions of Er are indistinguishable from

noise. For the case of F=1, the total rate integrated above this threshold is given by

R(ET) = Roexp[—ET/rE)p] (A.23)
where Ry = %% is the total interaction rate. We can rewrite Ry in units of
counts/kg/day as

361 00 Px 0 1 1
Ry = k d A.24
0 MyMmN <1 pb) <0.3 GeV/cm3> <220 km/s) & ( )

where m, and my are the WIMP and target nucleus masses, respectively, in GeV/ 2.
We have normalized the equation using some “standard” [268] values for p, and wvp.
This shows that, using a target material with O(10) nucleons, WIMP masses of ~5
GeV would result in just a few counts/kg/day.

Using a more realistic veg. results in a much more complicated solution, which only
differs from this result by 5%. In addition, here we have neglected the Earth’s motion
around the sun which causes a slight (~ 10%) annual modulation of this spectrum as
the Earth moves either with or against the galactic WIMP wind [269]. To see this small
effect, one would first have to have a statistically significant measurement of the total
spectrum. However, it would also provide discrimination against many categories of

background signals.
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Finally, we haven’t yet shown the effects of the form factor, F. This takes into
account things like the mass distribution of the target nucleus for spin independent, or
the distribution of nucleon wave functions in the case of (the more complicated) spin
dependent coupling. The calculation of form factors is too complex to discuss here, but
[270] is a good treatment of nuclear form factors specifically for WIMP interactions.
Including the current best models used by SuperCDMS for the target nuclear form
factor and DM velocity distribution results in recoil energy spectra for spin-independent
interactions like those shown in There we can primarily see the effect of the
form factor of different materials, which suppresses the recoil signal at certain energies.
The figure on the right also demonstrates how the spectrum changes in Ge for different
WIMP masses. These are the types of spectra we are hoping to one day observe in our

detectors.
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Figure A.1: Left: Differential rate of spin-independent WIMP interactions with common
detector materials. Right: Differential rate in Ge at several WIMP masses. 00 nyq is
the per-nucleon cross section scale.



Appendix B

Charge Signal Model

The charge signal observed at the detector electrodes are governed by the Shockley-
Ramo theorem [I35]. For a uniform electric field of bias voltage, V, across a planar
detector of thickness, L, the theorem states that the amount of charge measured on the
electrode, d@), just depends on the amount of drifting charge in the detector, ¢ and the

distance it has moved through the weighting potential, dz as

dx
dQ = qg—. B.1
Q=a7 (B.1)
A cartoon of this is shown in For a more complex detector and electrode
geometry, the weighting potential will be more complicated, but SuperCDMS devices

are not so different from this and the simple case will give some good intuition.

B.1 Basic Model

In our devices both the electrons and holes are drifted, but in opposite directions. We’ll
consider a planar detector with bias V(z = 0) = 0 and V(z = L) = V and an event
that produces Ny e/h pairs at xg. If all charges are drifted to the detector edges, then
an electrode at the V' = 0 face will see an induced charge signal of

d d
dQ = —eNeﬁ + eNp, *

. -. (B.2)
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Figure B.1: Cartoon of charge motion in a planar detector.

As the charges drift, the total induced signal will be
L 0
d d
Q :/ Ny +/ eNoZ = —eNy. (B.3)
20 L Ja L
This is nice because, even though the signal may be produced by drifting holes, electrons,
or a combination, the measured signal is independent of this and the location in the

detector.

B.2 Trapping

Now, if some carriers only traverse part of the distance to the electrode, they will only
contribute that same fraction of their charge to the measured signal. We’ll start with
a population of Ny holes (electrons) travelling towards z = 0 (z = L). These will be

trapped with a characteristic length scale, A5, (Ae). These are defined as

AN, = —Nhf—x

d;h (B.4)
dN, = —N,

)\t,e

where Nj(z) and N.(x) is the population of holes (electrons) as it moves through the
detector. Here, we are assuming that the trap density, and thus ), is constant through-

out the detector volume which should be the case for a well made device. It is also
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important to note here that these A’s are the effective length the carrier drifts in the
x direction before being trapped. The carriers also have significant diffusive motion
that needs to be considered to connect this to microscopic physics such as a mean free
path for interactions. With this definition, the populations of carriers will fall as they

traverse the crystal as

Ni(z) = Npexp [— T~ x} (B.5)
t,h
N(z) = Ngexp [—:E)\_ xo} (B.6)
t,e
The measured charge from this population is then
L 0
d d
O=—c Ne(x)fx +e/ Nh(x)fx
¥0 o (B.7)
x

_ At,h 0 >\t,e L—x
= ENOT <1 — exp [M}) + eNOT (1 — exp [ N

We see now that there will be position dependence in the measured charge values if the
trapping effects are significant. In general, this will tend to smear the measured signal

down. Note that this reverts to the simple trapping-free case for A, > L and A, > L.

B.3 Same Species Impact Ionization

We can easily extend this model to include the effects of same species impact ionization.
That is the case where a drifting electron (hole) causes an additional electron (hole) to
be released from the crystal. This can occur when carriers are held in shallow traps or
the bias voltage is large enough that drifting charges have significant kinetic energy to
ionize additional carriers. In principle this can occur when carriers are held in shallow
traps or if drifting charges have significant kinetic energy to ionize additional carriers
across the band gap. The energy scale of shallow impurities is ~ 40 meV in Si [27]1]
and < 10 meV in Ge [272]. This is around the maximum kinetic energy obtained by
individual drifting carriers in Si and Ge for the < 100 V/cm electric fields used in
SuperCDMS. This energy scale is an order of magnitude lower than the gap minimum
for Si (Ge) of 1.12 (0.66) eV. Thus, we will only concern ourselves here with impact

ionization from shallow traps which result in a single additional freed carrier as opposed

to across the band gap ionization which would produce an e/h pair.
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Now, when a carrier is freed from a trap, it begins to drift as well and contributes

to the signal starting from the location where it was freed. The trapping center itself is
not mobile, and so does not drift or change the signal. We define an impact ionization

length scale similar to the way we did the trapping scale but with a different sign,

d
AN, = N —2*
I1,hh
o (B.8)
dN, = No——
>\II,ee

where A7 pp corresponds to impact ionization of holes by other holes and Arj e, is for
impact ionization of electrons by other electrons.

Because the expressions are similar, the measured signal when both trapping and
same species impact ionization are included will take the same form as[Eq. B.7 but with

the replacement of \;;, with a single characteristic hole length scale

-1 -1 1
AT =N~ AL (B.9)
and similarly for electrons
A=A = A e (B.10)

So we see that the trapping and impact ionization will compete and whichever dominates
will determine the signal size.

shows some examples of how these length scales affect the measured charge
signal. On the left we see that these introduce dependence on the event position,
xg. Trapping (A; > 0) generally reduces the measured signal while impact ionization
(Az < 0) increases it. The right figure shows the effect of these on the measured energy
spectrum for a set of events distributed uniformly in xg. The scales selected for the
length scales are generally much larger than are observed in a good detector, but they
illustrate that reducing such effects is essential if one is going to make any use of the

device’s energy spectrum.

B.4 Opposite Species Impact Ionization

Now we will add in impact ionization of one species by the other. The physics is similar

to the above case, with a drifting carrier delivering enough energy to free a trapped
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Figure B.2: Left: Measured charge signal as a function of event position for a vari-
ety of trapping/impact ionization length scales. Right: Corresponding distributions of
measured energies assuming a uniform distribution of event positions.

carrier along the way, but now we are dealing with electrons freeing holes or vice versa.
The resulting signal contribution is generated is somewhat different though, because the
newly freed carrier will now move in the opposite direction to the type that freed it.

We first consider electrons ionizing holes with a characteristic length scale of A.p.
Like the other \'s above, this is not directly a mean free path, just the drift length
scale over which this effect is important. At this point there are multiple generations
of carriers to deal with, so they will be identified with roman numerals. N} will denote
the first generation of electrons which includes all the effects described above and N }ILI
will denote the second generation of holes which are produced by the impact ionization.
With this, the number of holes produced at location, x, is

dx

AN (z) = NY(z) -
he

e

(B.11)

These holes will then drift back towards z = 0 from where they are produced and may
experience trapping and same-carrier impact ionization on the way. From the results
of the earlier sections we can propagate each back to a position x with a factor of
exp[—(zll — x)/\,], where 2!l is the starting position of the carrier. To calculate the

contribution of these charges to the measured signal, we first integrate over their starting
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positions to obtain the number present at a given position as

L NI m_
Nil(z) = / da}! e)\(xh) exp [— xh)\ x]
max{x,zo} he h
L m_ m_
_ N dzil exp [—w] exp [— Th x] (B.12)
Ahe max{xz,zo} Ae An

2 (o] )

Where the max{x,zo} term accounts for the fact that the first generation of electrons
only traverse from zy to L and A\~! = /\,:1 + -t Now, to calculate the resulting signal,

we simply use the Ramo theorem as before to find
L
d
Qi = [ Nl
0 L
A

v (oo ) - ne 2] (- [272)
(B.13)

A plot of this expression for several length scales is shown in If all length
scales are much larger than the detector width, then this effect does not contribute to
the signal. However, once A.j, gets closer to L, an enhancement of the signal is observed.
This will be greater for events at low xg, since, for the scenario under consideration, the
electrons will drift further and produce more holes. Also shown is how this effect will
contribute to the measured charge signal distribution. Note that this additional energy
will be added on top of that measured from the other effects described above, so a value
of Q}ZI /Qo indicates no contribution from this effect.

We can find a similar expression for the case where there is h — he impact ionization.
This can be obtained from with the substitutions e <+ h and zg < L — x0.

This effect is much trickier to work out if we simultaneously allow electrons to ionize
holes and vice versa. This is difficult to handle because the ionized charges will drift in
the opposite direction from those which caused the ionization and if this is happening
from both directions, the ionized carriers will drift through each other and recombination
effects may become important. To really understand this then, one needs to perform

simulations that take into account carrier drift paths and relative timing.
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Figure B.3: Left: Contribution of signal due to e — eh impact ionization as a function
of event location for a variety of relevant length scales. Right: Resulting distributions
of contribution to measured signal.

B.5 Relation to NTL Phonon Signal

One final note is that many of the expressions derived above also translate directly to
the measured energy from NTL phonons. This is because, for a planar detector, both
the measured charge signal and the NTL phonon energy depend linearly on the charge’s
motion through the bias field,

dQ = q@daﬂ (B.14)
Vo
and
dENTL = ¢V (x)dx (B.15)

In this way, all of the above expressions can also be used to calculate the NTL phonon
energy with the substitution Enxrr = QVy. Again, of course, this is only the case for

planar devices having a uniform electric field.



Appendix C

Electronics Designs

C.1 HYV board

We desired to bias SNOLAB iZIP detectors to voltages higher than what the DCRC
was capable of (13 V). To do so, a circuit was designed to interrupt the relevant signal
lines between the fridge and DCRCs and re-rout them to an external power supply while
passing through normal signal lines to the DCRCs. The design was modeled by Jeter
Hall’s CDMSlite board and Hassan Changani’s HV board for a charge only detector.

I completed the final design and board layout and had the boards fabricated by
Custom Circuit Boards. They were populated with components by hand in the lab.
A separate board was designed to bias each side of the detector, but only one would
be used at a time. For example, the board to bias all of Side 2 was designed to pass
the 6 phonon channels and 2 charge channels from Side 1 through to the DCRCs while
connecting the remaining lines to HV. To help shield the traces from RF interference,
the board has an internal ground plane and is housed in a metal box. Because one
entire side of the detector is biased, only 2 RevC DCRCs (4 phonon channels each) were
required to read out the 6 channels as opposed to the 3 DCRCs needed when reading
out all 12 phonon channels. An image of the baord pattern is shown in There
are places at the bottom to mount 3 D-Sub 50 connectors which mate with the wiring
that goes to the detector. At the top are 2 positions where DCRCs can connect. An
HV connector and pads for the bias and test resistors are on the left side. Note that

one channel crosses over the three orange ground planes from the bottom center to the
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top left. This channel proved to be more susceptible to external noise due to the gap in

shielding.

Figure C.1: HV board design.

The HV board is set up so that a 400 M2 bias resistor, R, and a 1 M(Q test resistor,
Ry, are in series with the HV input. We measure voltage, V;, across R; to calculate the
leakage current, and from that calculate the voltage at the crystal, V., by considering

the voltage drop across the resistors. The formula is expected to be

B Ry . (W Vi
Viaet = Vo RtVZ—<1V) 400(1NV> (C.1)

This assumes R, > R;. Deviation from this approximation is only 0.25%. There are

also 40 M) resistors on each biased line, but because there were > 50 such lines all in
parallel, their effective resistance was even less than R;.

Empirical evidence in Run 54 however suggested the formula was something closer
to Vo = Vo — 430 x V; (with Vj in [V] and V4 in [©V]). One thing we neglected was
the finite input impedance, R;, of the multimeter used to measure V;. The Fluke 87V
multimeter we used has a 10 M) input resistance in voltage mode, which should appear

in parallel to R;. Taking R; into account we get

Ri+Rt Rb [’0 [/t
Vier = Vo 7, Rtvt (1‘,) O(lﬂ ) (C.2)

which is much closer to the empirical formula used in Run 54.
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After fabrication, it was discovered that the PCB design contained an error and the
FET heater and FET Temperature sense lines were not connected for the charge readout
channels. This is was mended by soldering small wires connecting the appropriate D-Sub
pins on the underside of the board. Charge readout seemed to work properly thereafter
and these fixes did not adversely affect the charge channel noise.

It was also discovered later that, due to a miscommunication, the channel map used
in constructing this device was only correct for particular detectors, but was different
from the standard channel mapping. The result is that one HV and one readout chan-
nel were swapped. A temporary rerouting board was constructed to swap these two
channels, effectively undoing the mapping error built into the HV board. This was
successfully used in one run, but we eventually just changed the detector wirebonding
scheme to match the HV board. This resulted in the following mapping which was used
for biasing side 2 of the detector.

DCRC Connection | Detector Channel
DCRC1 PA PE
DCRC1 PB PB
DCRC1 PC PD
DCRC1 PD -
DCRC2 PA -
DCRC2 PB PA
DCRC2 PC PC
DCRC2 PD PF

Table C.1: Channel map for Sidel-readout HV mode

Additional modifications were made over the following years as the board was used

to operate a variety of detector types. A few of those are mentioned below.

e While testing USD1, it was found that, with only DIB1 and DCRC1 connected,
the HV board-box combo picked up a 60 Hz noise contribution, even when dis-
connected from the HV source. This was found to be alleviated by connecting the

box, which was initially floating, to the HV board ground plane.

e The side 2 HV board was modified to remove biasing from the unused side 2
charge lines. This was done because shorts to chassis in the cold end of these lines

were thought to be causing high bias leakage currents. This was accomplished by
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removing the QI/QO related HV bias resistors. The side 1 HV board was also

modified in this way.

e Modified the side 2 HV board to bridge the ground planes spanned by the crossover
channel (PA). Previous bench tests indicated that this may improve the crossover
channel noise, which was observed in practice. Note that the ground planes were
designed to be separate at the HV board to prevent ground loops, since the star

ground of the system was elsewhere.

e This board was also used with monolithic contact-free bias electrodes. So instead
of biasing all the phonon channel lines for the unused side, we only used a single
QET bias/return line pair to transmit this HV to the electrode via modified cold
wiring. This helped reduce leakage occurring in the SQUET cards due to the large
voltage difference which could occur between SQUIDs on the same chip when only

some were biased to HV.

C.2 Filter Switchboard

It was found that high frequency noise, likely from electronics on the DCRC itself, can
couple to control wires and affect detector electronics performance. In particular, any
AC component in the TES bias will heat the TESs more than intended. To investigate
this, I developed a pi-filter board which allowed filters to be switched in or out of
individual lines.

The board used SMD pi-filters (TUSCONIX model 4700-005) which have insertion
loss over 5 dB at 10 MHz and achieves more than 60 dB above 1 GHz. An array of 50
such filters was arranged on a single board, each with a switch to include or remove the
filter element as shown in The filter elements were located on each of the 50
lines between two D-Sub 50 connectors, which allowed the board to be inserted in series
with standard detector wiring circuits.

A set of these boards were used at UMN in R56 to test the effect of filtering various
lines for an iZIP detector. A matching set was sent to Queen’s University as well, for
similar testing. It was found that one effect of using the filters was to shift the I, — I

curve to higher I values. This is interpreted as follows. The low pass filters remove
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Figure C.2: Single switchable filter circuit element with pi-filter, F1, and DPDT switch,
S1.

AC noise components which travel down the bias lines to the TES. Like the applied DC
bias, this noise heats the TES, delivering more power to it than calculated via I. It was
found that the amount of AC power depended on the DCRC hardware version as well
as the channel number, indicating that the noise pickup may depend on the physical
electronics layout. Additional tests showed that some of the charge signal readout lines
were surprisingly the most important for reducing this noise component. Results from
these tests informed the designs of later DCRC versions which now include on-board

filtering for most wiring that enters the fridge.

C.3 NEXUS Cold Electronics

I also helped produce the final PCB designs for all the SuperCDMS cold electronics
at the NEXUS facility. Initial design work was done by collaborators at Northwestern
including Z. Hong and B. Neblosky. N. Kurinsky also provided valuable input.

As shown in the wiring diagram in the design included boards mounted
at the 4 K, 1 K, and MC stages of the fridge. Each board contained some electronics
and also acted as a feed-through to pass wiring into the relevant can/stage. All boards,
therefore feature ground planes exposed at the edges or corners to mate with the can
surface and provide a relatively continuous conductive plane to shield from electromag-
netic interference (EMI). One feature shown here is the option to mount the TES shunt
resistors at either 1 K, which gives a smaller wiring loop area for reduced vibrational
noise coupling but at the cost of higher passive Johnson noise, or at the MC stage,

which reduces PJN, but increases the wiring loop area.
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Figure C.3: NEXUS wiring cartoon

C.3.1 4 K board

After entering the OVC (outer vacuum chamber) at room temperature, the wiring wraps
around the 4 K can and interfaces with the 4 K board. As shown in[Fig. C.4] this board
was designed with pads to mount TES bias resistors, SQUID feedback resistors, and
breakout lines for thermometry. These resistors were placed here to reduce Johnson
noise, but may be relocated in future designs to counteract voltage-coupled cross-talk

occurring between channels in the 300 K to 4 K wiring.

C.3.2 1 K board

The 1 K board, shown in [Fig. C.5] was designed to mate with SQUID boards assembled
inside a NIST-designed, shielded Nb box. It also features optional pads for mounting
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Figure C.4: NEXUS 4K board.

shunt resistors close to the SQUID. Like the 4 K board, there are additional breakout
points for thermometry or accessories.

One important design consideration was the minimization of parasitic noise within
the TES-SQUID loop. In service of this, the relevant traces on the 1 K board were
designed to be extra wide (24 mil vs. 8 mil) and left bare so they could be coated with
solder to make superconducting paths. Standard Sn-Pb solders will become supercon-
ducting at ~7 K. Additionally, the wiring from 1 K to the MC stage is all doubled (i.e.

each connection is made by 2 wires in parallel) to reduce parasitic resistance.

C.3.3 MC boards

There are two type of boards that connect to the mixing chamber (MC) stage. One
type simply feeds through wiring going to the detectors and thermometry. The other
provides an alternative mounting location for the TES shunt resistors. This location
will have much lower passive Johnson noise than if mounted at 1 K. These boards also

provide a breakout point for dedicated 4-wire measurement of T test samples. Both

are depicted in
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Figure C.5: NEXUS 1K board. Thick, superconducting traces are shown as gold lines.

All of these electronics were tested and installed in NEXUS in the spring of 2019.
As of this writing, they have performed quite well in the first six runs of the NEXUS
cryostat. They have been used to operate two different generations of HVeV detectors

and a prototype TES chip for the Ricochet collaboration [273].
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simple feed-through board. Bottom: Shunt

Top:
resistor mounting pads and T¢ test breakouts.

Figure C.6: NEXUS MC boards.



Appendix D

Toy Phonon Model

This section describes a toy model of phonon signals in the CDMS detectors. It also
describes how well the model can reproduce some observed signals from the UMN R71
test of the source mover.

The purpose of this model is not in any way to replace the full Geantj-based detector
simulation being developed by members of SuperCDMS. That ambitious project will
include all of the relevant micro-physics of charge transport, phonon production and
propagation, QET and TES behavior, and even the readout circuitry. Instead, the
simple model here is only to explore how well a few basic properties and a cartoon-level
understanding of phonons in the detector can be used to match observed signals.

The goal of this model is to produce numerical estimates of the total phonon energy
absorbed by each channel during an event in an iZIP or HV detector. This can be
used to calculate the distribution of e.g. position parameters and phonon collection
efficiency (PCE) for events at different locations. The model starts with the following

assumptions:

1. Primary phonons are produced in an isotropic sphere centered at the event location

and move outward from there.

2. NTL phonons are produced roughly in forward-facing cones along carrier drift

path.

3. Recombination phonons are in a sphere where a drifting carrier reaches an elec-

trode.
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4. Phonons propagate as straight rays until they encounter a crystal surface.

5. When a phonon strikes an instrumented surface a fraction, f1, are absorbed by

the relevant phonon channel.

6. All energy not absorbed on the first pass is assumed to be redistributed through the

rest of the crystal volume with a fraction fo being absorbed by phonon channels.

We will model these several complicated distributions numerically, with a simple
Monte-Carlo type simulation. This is necessary because, as shown in Appendix A
of [I71], analytic expressions of even the simple case of a uniform sphere of phonons
require messy expressions involving elliptic integrals and do not lend themselves easily

to arbitrary phonon channel geometries.

Recombination

Figure D.1: Cartoon of different phonon populations in the top model. Recoil and re-
combination phonons are emitted in spheres from the event and recombination locations.
The NTL phonons are thrown along the z positions as the carriers drift.

The primary phonons are generated by producing a distribution of rays emanating
from the event location. The direction of each ray is selected randomly from a uniform
distribution. The recombination phonons are produced similarly, but near both detector
faces at the same x - y position as the event. The z position is an adjustable parameter,
but is set to be 0.1 mm from each detector face. This is a clumsy way of accounting

for the fact that diffusive phonons produced near the surface should deposit energy in
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the nearby channel. If the sphere was centered at the detector surface, none of the rays
would intersect the nearby channels, but would only propagate as a half-sphere back
into the detector volume. A cartoon of this is shown in

The NTL phonons are produced at a number of points spaced along the vertical
(z direction) from the event location to each face of the detector. In an HV detector,
these points are evenly spaced as the voltage changes linearly and the NTL phonons
are produced uniformly along the drift path of the carriers. In an iZIP, the total bias
voltage change is different in the bulk and near the surfaces due to the interleaved
ground rails. For example, with biases of 4+/- 4 V on side 1/2, the total bias change
from a biased rail on one face to the other is 8 V. However, effect of the ground rails is
to effectively compact the first and last 2 V into the near-surface regions as shown in
Because of this, more of the NTL phonons are produced near the two detector
faces. This is effected by producing phonons at points evenly spaced in wvoltage, not

position.
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Figure D.2: Voltage as a function of z position in HV and iZIP detectors. The interleaved
iZIP fields tend to increase the electric field within ~ 1 mm of the detector faces. This
leads to different NTL phonon emission densities.

NTL phonons are produced primarily in the forward-facing direction along the car-
rier drift path [I5I]. The detailed shape of this distribution depends on the material

and bias field. We model the distribution as Gaussian in the polar angle and uniform
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in azimuthal. The polar angle distribution is centered in the forward direction and
described by a width parameter, o4. It is also only defined from 0 to m and normalized
over that range. Like the primary and recombination phonons, these are modelled by
throwing rays from the phonon production location which are drawn from the relevant
angular distribution probability function. Once emitted, the NTL phonons follow the
same absorption and scattering rules.

The rays from all phonons either hit a flat crystal face or the outside surface. Those
which hit a face are absorbed in the relevant phonon channels with a fixed likelihood
of fi. This factor should be related to the QET surface coverage and PCE. In a real
detector, after the first few reflections of ballistic phonons, they have pretty much been
randomized and lost any discernible position information. We model this by collecting
all remaining phonons which were not absorbed on the first pass and redistributing
them amongst all the phonon channels. The fraction which are redistributed is fo,
which means the PCE is limited by PCE < f1+ f2(1 — f1).

Now, we usually assume that, on average, the phonon energy is distributed evenly
among the phonon channels provided they each have the same number of TESs. This
is used for such things as relative phonon channel calibration. This is reasonable if one
assumes that, late in the phonon event, there is a quasi-uniform bath of ballistic phonons
banging around in the detector. Then it is natural to assume the total phonon power
each channel observes is directly proportional to the surface area coverage of the crystal.
In this case, for a 12 channel device like the SNOLAB detectors, each channel will receive
1/12 = 0.083 of the remaining phonon energy. However, an alternative calculation would
be to produce a uniform distribution of phonons in the crystal, each with a random
direction, and find the distribution of energy absorbed in the first hit of those phonons.
This leads to a radial weighting factor, with e.g. the inner (outer) channel receiving
a fraction of 0.10(0.06) of those phonons. While there is more consistent evidence
pointing to the former, uniform model being more correct, we include a parameter in
this model to adjust the weighting factor, w;, of energy redistribution to each channel
i. The parameter, fra = 1, is defined as the ratio of inner (PF) to outer (PA) channel
weighting factors, with the other channels’ factor linearly interpolated and the sum

normalized to 1. For example, a value of frq = 1 corresponds to an even weighting
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across all 12 channels, defined by the weighting matrix

1 (1 1 111
wz(wm wp1 WC1 Wp1 WE1 wFl) < ) (D.1)

WA2 W2 We2 Wp2 WE2 WE2 121 11 1 1

where e.g. wa; is the weighting factor applied to channel PAS1. By contrast, a value of

fra =~ 1.6 corresponds to

(D.2)

0.0625 0.075 0.0875 0.0875 0.0875 0.1
0.0625 0.075 0.0875 0.0875 0.0875 0.1

which approximates the uniform phonon density scenario. For this example, we have
assumed the HV mask, so the channels PC, PD, and PE receive the same weighting
factor because they are at the same radius.

The model also included inputs for such things as event energy, ionization yield, de-
tector material (Si or Ge), and the depth of the interleaved iZIP field. There are a great
many details that this model ignores or parameterizes over. One potentially important
omission is the oblique propagation of electrons in Ge at low bias fields. This may
lead to larger discrepancies for such events. All of the steps described above were easy
enough to implement that they were simply written in a single Python notebook from
which dozens of simulated events could be generated per second on a single computer
core.

As a test of this model, we attempted to fit some of the positions dependence ob-
served in UMN R71 as described in The model only calculates total energy
absorbed by each channel and says nothing about relative pulse timing. So we used the
partition quantities shown in[Fig. 5.26] In addition, to constrain the overall scale of the
signal, we simultaneously fit to a total PCE of 12%, which was previously measured in
this detector. The fit was done as a simple x? minimization. The resulting fit distri-
butions are shown in In the left and center plots, the points and error bars
are taken from the measured data and the dashed lines are the result of the best fit
model. While the agreement is not perfect, the model is undoubtedly able to reproduce
the rough features observed in the experiment. The right plot shows the distribution of
phonon collection efficiencies for the positions calculated. The dashed black line shows

the 12% target value.
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Figure D.3: Model fit to observed position parameters in R71 source scan data.

The best values obtained for the fitting parameters are shown in This
analysis used constant values for several other parameters including the iZIP interleaved
field depth of 1 mm and recombination depth of 0.1 mm, but the fits were observed to
be relatively insensitive to these parameters within reasonable physical bounds. The
best fit parameters are also quite reasonable. Given the best fit value of, o4, the
NTL angular distribution was somewhat flat, with about 68% of NTL phonons being
emitted in the forward-going direction. This is reasonable for a detector operated at
such relatively low bias field (4 V/33 mm = 2.42 V/cm). Cf. the example calculation
in [I51] which gives roughly o4 =~ 0.47 at 3 V/cm in Ge. The absorption fractions f;
and fy are harder to diagnose directly, but they appear reasonable given the fraction
of the detector surfaces covered by QET sensors was ~35% for this device [I7I] and
that we have observed PCE ~ 12%. Finally the redistribution factor fr4 is quite near
to 1, indicating a relatively uniform sharing of energy after the initial phonon bounce.
This is in agreement with measurements of absorbed energy after performing absolute
calibrations of individual channels using information from I, — I curves as described in
Ch. 3

This model is a vast oversimplification of the real phonon physics that occurs in
a detector. However, it has proven to yield energy values reasonably consistent with
the measurement of R71 without too much pain. These results are encouraging and
merit further study since they hint that the simple mechanisms described can capture
a large amount of the relevant detector behavior. It should be investigated whether

this same model can fit other data sets in iZIP and HV detectors. If so, it may be
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’ Parameter Value

o 0.54m
fi 0.03
fo 0.10
fra 0.96

Table D.1: Best fit toy phonon model parameters for the R71 source scan data.

used to relatively quickly generate predicted estimates of relevant measured quantities.
With more validation, this could be a useful and efficient tool in developing position

reconstruction algorithms.



Appendix E

Pulse Fitting

The raw data collected by SuperCDMS detectors comes in the form of digitized pulse
traces from the various charge and phonon sensors. Because of the high number of
events studied, the pulses are analyzed en masse with a set of software developed and
maintained by the SuperCDMS collaboration. The software, called cdmsbats, is used to
run various algorithms and fits on the signals in order to extract quantities relevant for
reconstructing event energies, positions, and particle types.

However, as discussed earlier, all of these measurements come with some form or
another of irreducible noise, which eventually limits measurements of low energy particle
events. These measurement limits translate directly into limits on the range of DM
parameter space that the detectors are sensitive to, and thus the scientific impact of the
whole experiment. Thus it is of critical importance not only to limit this noise as much
as possible when designing the systems, but also to develop techniques to measure
the underlying signals as well as possible in the presence of whatever noise remains.
This chapter describes some of the algorithms used in SuperCDMS to reconstruct true
pulses from measured, noisy data. It also explores their known biases and resolutions,

in particular in regimes where the signal to noise level becomes low.
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E.1 Optimal Filter Fitting

E.1.1 OF and OFO

The most heavily used pulse fitting algorithm in SuperCDMS is known as Optimal
Filter (OF) fitting. Broadly, this method uses information about the expected signal
and noise to extract an estimate of the pulse amplitude. The details have been covered
exhaustively in many SuperCDMS theses over the past 25 years [155, 137, [I71]. As such
I will only present some of the concepts relevant for this thesis and leave the interested

reader in the capable hands of previous authors.

Standard Formalism

The problem can be stated as follows. A measured signal, v(t), is assumed to consist of

the desired signal and noise as

v(t) = As(t) + n(t) (E.1)

where s(t) is a signal shape, or “template”, normalized to an amplitude of 1, A is the
amplitude we wish to extract and n(¢) is the noise. We are assuming here that the noise
is stationary, i.e. its spectrum does not change when a signal is present. In principle the
template can be calculated theoretically from TES circuit parameters, but in practice
it is constructed as something like an average of many measured pulses. The best fit
can be obtained via x? minimization in the frequency domain where there is assumed
to be no correlation across frequencies. This is not the case in the time domain, where
the signal is strongly correlated at time scales less than the pulse fall time. The y?

expression is then

¢ [ dr, =

where v(f) and s(f) are the Fourier transforms of the measured signal and template
respectively while J(f) is the Power Spectral Density (PSD) of the noise. Here, A is the
estimate of the true signal amplitude, A. J(f) is generally calculated from an average
of many measured, pulse-less traces. The minimization condition, dx?/ dA = 0 leads to
the following expression for the best fit amplitude,
R ERC (f )df
J1s( | / J(f

(E.3)
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We can define a filter function as

/ ( )/ J(f ( )

E.4
This just depends on the noise and expected pulse shape, so it can be calculated once
and reused for fitting many events on the same channel. Then we can reduce this fitting
procedure to a product of the measured signal and our filter in frequency space, hence

the name “Optimal Filtering”. The expression for the best fit amplitude then becomes

A= / (N (F)df. (E5)

So there we have a nice, clean expression for the optimal pulse amplitude in the presence
of noise, problem solved! However, without stating it explicitly, we assumed above that
the signal and template are aligned in time, which is to say that A is a real number.
This is not always the case so we should also allow for another degree of freedom to
time shift the template. The above procedure is still quite useful, but we give it the
name “OF0”, to denote the fixed offset nature. In general, the template and signal may
not be aligned properly due to factors such as variations in triggering time. The OF0
procedure is easily extended to accommodate a time offset, ty by including a phase with

the amplitude term as

—zwtos 2
N _/Iv DI 4 (E.6)

With a corresponding redefinition of the filter,

s"(f ) ’MO/J( )
J1s(HIP/I(f

we again obtain for the amplitude estimate. Unfortunately, because [Eq. E.6|is

¢'(f) =

(E.7)

nonlinear in ty, there is no analytic expression to estimate the time offset. In practice,
we instead calculate A over a range of to and pick that with the lowest x2. Since

can be recast [I71] as

2 (/)7 2 [ s
= df — A(t df E.8
/ () 2 B ()
we see that the best time offset is the one which maximizes A2. Strictly speaking, to

minimize x2, one should choose max(|A|). However, if the polarity of the expected
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signal is known to be positive, one can include that information by selecting max(/l).
Some of the consequences of this choice are discussed in the following section.

To ensure accurate fits, the template pulses must faithfully represent the average
pulse shape. One of my first analysis tasks was to develop improved templates for UMN
test facility data. The templates are constructed by selecting a set of characteristic
data and calculating the average scaled pulse shape for each channel. Various data
quality and pulse selection algorithms were implemented to build the templates.
demonstrates the improvement in goodness of fit for a set of charge pulses measured on
a prototype Ge iZIP in UMN R56. These are compared to fits of the same data using
the previous template version, which had been calculated using data from a different
device. Not only was the y? shown to be generally lower with the new template, but the
improvement was especially good at higher energies. In the months following that work,
we undertook a large scale re-processing of UMN detector data. This set of updated
templates was an integral part of the processing, giving increased event by event energy

resolution.

UMN R56 QIS1 Fit

x10°

. Old Template (G103)
.l
New Template (R56)

I\.Isamples =8192

| r L1 I-l-l 1 I-T-I-I--I-rT-I-I--l-l-T-I-r-I-I-T-l-I--I-I-r-I-I--I-

2 4 6 8 10 12 14 16 18 20
Charge Amplitude [mV]

Figure E.1: Improvement in OF fit x? with new charge signal templates.

We can also understand the quadratic shape of these plots as follows. First, we
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introduce the discrete version of the x? expression as described in [137].

NEY 1 (o) - As(f)P)
2= n};\w A7 7 (E.9)

with Af = 1/T with total trace length of T, f, = nAf, and N = Nggmples is the
number of digitized samples per trace and is generally 4096 (8192) for phonon (charge)
traces measured at UMN. Note that, besides superficial differences in frequency-space
notation, expressions in [137] use a total trace length of 2T while here we use T. Recall
that we are assuming the measurement is composed as a signal shape plus noise as
v(fn) = As(fn) + n(fn). Thus, if we have the correct template shape, OF fits should

yield a constant x? value of

(E.10)

where we have used the discrete PSD definition J(f,) = T{(|n(f,)|?). This is indeed
observed to be case at low amplitudes in [Fig. E.1. However, there is inevitably some level
of mismatch between the true pulse shape and the template used. This will generally
lead to quadratic increase in x? as follows. Suppose that the OF template, 3(f,) is
slightly different from the true pulse shape, s(f,) as §(fn) = s(fn) + &(fn). Then we

obtain the following

Nj2-1

S L Astn) 4 nlfn) - As(fn) — AE(f0)P)
Af J(fn)

(X% =
n=—N/2
N/2-1

1 (nUw)P) + AW P)
2 Af J(fn) (E.11)

N/2—1

HZZN/Q AT ()

n=—N/2

~ N + A? x const.
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where we have assumed in the second step that the template is close enough to the true
pulse that A ~ A and used the fact that noise is uncorrelated with the signal. So we find
that there will be a quadratic term associated with the template-signal mismatch. As
seen in this can be reduced with improved templates. If the signal shape also
varies with energy, the x? will grow quadratically at least, if not stronger. We have also
glossed over it here, but in a real detector, there can be correlation between the signal

and noise because the noise spectrum changes as TES moves through its transition. If
not accounted for (see [Fig. E.1)), x? will also have a linear component from terms like

(n(fn)As(fn)) # 0.

E.1.2 OF Resolution and Bias

The expected resolution and bias of the Optimal Filter can be calculated analytically.
This section extends such calculation found in [137] and Appendix A of [274]. If the
OF template and pulse are perfectly aligned and tg is fixed, one can show that the OF0

A~

amplitude is unbiased, (A) = A, and has a width given by

-1
o = (&%) — (4)? = [ / |s(f)\2/J<f)df} . (E.12)

The resolution of this algorithm then is set by the degree to which the signal and noise
frequency spectra differ. Note, also that this is independent of signal amplitude, A. The

probability density of measuring A given a true amplitude of A is then just

PAA) = —eap <—(‘4_A)2> (E.13)

2
2#0% 203

This can be seen in for the case where o ; = 0.1. The density plot shows the
probability of measuring A given a true value of A. The dashed black line has a slope
of 1 for comparison. There we see that the estimator, fl, is unbiased, so it follows a
straight line, even when the signal is far below the noise level. Additionally, the variance
of the estimator is constant everywhere.

Generally, the pulse and template are not perfectly aligned, so we use OF, not OFO.
As descried above, this is accomplished by calculating the OF0 amplitude for a range
of to and then selecting either the largest |A| (equivalent to lowest x2) or the highest A
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Figure E.2: Amplitude reconstruction probability density of the OF0 algorithm.

(lowest x? for positive-going signal). In either case, this selection biases A away from
A.

We start by considering that we calculate A(to) for a number, N, of #y values.
This is set by defining a time window around the nominal trigger time over which t; is
allowed to vary, with NV then being the number of discrete time bins within that window.
Assuming the fl(to) are independent, they are each drawn separately from In
practice, there are correlated over scales characteristic of the signal and noise, Ny,
and N — Ny~ N /Neorr, but the same results follow.

Now, assume that we have a signal with amplitude A in just one of the N bins.
To find the distribution of fl, we look at the probability distribution for the largest
fluctuation from N independent random variables X;. With P;(X;) the probability
distribution of each X;, and X* the largest fluctuation, we can write the distribution

for X* when selecting max {|X;|}

N
Px*) =3 P [ POl < X7) (E.14)
i ki
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or when selecting max {X;}

N
P(X*) =Y R(x")[[P(Xk < X7) (E.15)
i ki

For to the problem at hand, we see that P(X) is just the Gaussian, [Eq. E.13| This
means that P(| X;| < X*) and P(X}, < X*) are just integrals of that Gaussian (i.e. erf’s)
with appropriate limits.

For the case of max {|X;|}, we then have

R R ‘A‘ R A N—-1
P(Ajpaq)|A) = P(AA) " P(AJ0)dA
) A AN oA
+(N—1)P(Aj0)| [ P(AJ0)dA [/ P(A|A)dA| (E.16)
|4 —I4]

The first term is the probability that the bin which actually has the signal has
amplitude A while the (N — 1) others are smaller. The second term is the probability
that one of the (N — 1) bins has has amplitude A while the others, including the bin
with the signal fluctuation, are smaller.

We get a similar expression if we select max {X;},

A N—-1

P(Anaal4) = PAIA) | [ P(AID)A

+ (N = 1)P(4]0) / P(Al0)dA / P(AJA)IA| (B.17)

Performing the integrals yields

1 (4 - Ay AN

P(A\maxMA) = ETP | —— (5 3 €T‘f = +
\/ 27’ 2074 V2o
N

—9 “ N
1 1A — A A -4
(%) - ()

(E.18)

N—-1 ( A2 )
exrp 5
v/ 2%0124 2UA
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for max {| X;|}. If instead, we are selecting max {X;}, the distribution is

! ex —7(121 — A 14— 1erf 4

\/2mo? ! 207 2 \[U
~ ~ N-2 ~

N -1 AL -t A 1+}€rf A-A

Jrod 2 ()] e (T

In both cases, the following identities are useful when dealing with Gaussian inte-

N-1
+

P(Apaz]A) =

(E.19)

grals. Let G(x) be the normalized Gaussian, then one can show

/OOO G(z)dx = /OOO G(z)dx = 3
/_ Z G (z)dz = /0 ' Gla)da (E.20)
/_: Gl)d = % + /OyG(x)dx - % <1 + /_yy G(w)d:n)

shows how these OF probability distributions appear. Again, we are using
an arbitrary values of o ; = 0.1 and N = 5 for illustrative purposes. For large ampli-
tudes, the estimator is still unbiased, but below ~ 204 it becomes biased away from
A = 0. This is because it has the freedom to find the largest noise excursion from 0
within the available window. The difference between selecting either the max {|X;|} or
max {X;} close to A = 0 is also apparent here. The figure on the left is the case of
max {|X;|}, where at A = 0 the algorithm selects the largest deviation of either polarity
and the distribution becomes bimodal. On the right is the case of max {X;}, so the
largest positive going excursion is selected. Both algorithms suffer from a bias away
from the true pulse amplitude as the signal falls below the noise level.

A larger window width, N, will allow the algorithm to find true pulses which are
away from the expected trigger time, but will also increase the amount of bias at low
amplitudes. This is demonstrated in Here, the probability density is shown for
A = 0 and various values of N. At N = 1, we are in the OF0 situation, the algorithm
has no freedom to choose and we obtain a Gaussian with width 4. However, as N
is increased, the additional freedom generally allows for higher amplitudes to be found

somewhere within the window, and the fit is biased away from A = 0.
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Figure E.3: Amplitude probability density of the OF algorithm when selecting
max {|X;|} (max {X;}) shown on the left(right). Both with N=5.
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Figure E.4: OF probability density for A =0, 04 = 0.1 for different values of N. Case
of max {|X;|} (max{X;}) shown on the left(right).

With the above understanding, we see that, when applying the OF algorithm to
triggered data, we should select a width for the OFdelay window (proportional to N)
which is as low as possible, in order to reduce the low amplitude bias. The limit to this,
of course depends on variations in pulse start time from event to event introduced by
the DCRC triggering algorithm itself.

Now, we can use the above expressions to model the shape of noise distributions
in real data. The left side of shows fits of [Eq. E.13] and [Eq. E.19| to the OF0
and OF distributions of randomly triggered PuBe data from UMN R68. This is an
important dataset for the NR calibration experiment discussed in [Ch. 7} but for now

we just mention that it was taken with six channels of a Si HV detector operated at

-125 V. The best-fit OF parameters can then be used to describe the expected position
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of the noise wall in triggered science data. That is shown on the right side, where the
OF(0) models have been used to predict the distortion introduced when measuring a
uniform energy spectrum. The blue histogram, labelled F, is a uniform spectrum of
10* energy values. The orange OF0 curve shows how the lowest energy events will
sometimes be reconstructed with negative amplitudes, and thus negative energies, due
to noise fluctuations. This tends to roll off the flat spectrum at low energies. The OF
algorithm (here we use max {X;}) instead preferentially reconstructs low energy events
to have slightly higher energies, creating an excess in the spectrum that starts at around
30 ;. This has been used to inform the sensible placement of lower analysis thresholds
and, more ambitiously, can be used to fit components of measured spectrum onto the

leading edge of the noise wall.
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Figure E.5: Left: Fits to noise distributions in R68 PuBe data. Right: Simulation of
how these effects will distort a uniform energy spectrum.

E.1.3 Digitization Concerns

In much of the OF theory above, we assumed continuous quantities. In practice, mea-
sured signals are digitized at discrete time intervals. The amplitude digitization is so fine
grained that it is not really an issue here. However, the expressions have to be modified
slightly when dealing with the time digitization. The expressions derived above can be
written in discrete form by replacing integrals with sums over the number of sampled
points and the insertion of some factors of the sampling rate. The prescription for this
procedure is given in [I37]. One consequence of this discretization is that there are a
finite number of ty values at which can be calculated and the true ty value is
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likely between two of these. To accommodate this, instead of using the best calculated
to point, we actually fit the set of (¢, /1) points near the maximum A with a quadratic
and interpolate the best values.

Another significant complication has also arisen for application of OF algorithms to
SNOLAB data. The problem is that the SNOLAB will use a new digitization scheme
called “hybrid readout”, where different portions of the saved traces will be saved with
different digitization rates. As shown in the area near the triggered pulses will
be fully sampled and a longer time portion will be saved with 16 x down-sampled values.
The logic behind this method is to achieve sensitivity to low frequency baseline noise (of
the type which plagued SuperCDMS Soudan) without having a prohibitively large data
rate. Unfortunately, this introduces complications due to frequency correlations which
occur when calculating Fourier transforms for the OF. These effects have been thor-
oughly investigated by B. Page [275]. He has shown that there is still a solution to this
situation, but it involves computationally expensive (and not always stable) inversion of
large matrices. At the time of this writing, members of the SuperCDMS Reconstruction
and Machine Learning working group are studying alternative methods to handle this.
They include machine learning approaches and methods such as empirically combining
the results of separate OF fits to the finely sampled region and a down-sampled version

of the full trace.
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Figure E.6: Diagram of SNOLAB hybrid readout with variable sampling rate. Taken

from [275)].
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E.2 OF Variants

The standard OF and OFO0 algorithms discussed above rely on the assumption that the
pulse shape is independent of the pulse amplitude. For real detectors, this is generally
true for the charge channels and for the phonon channels when the energy absorbed by
TESs is small. However, for events with large energies, or when using large bias voltages
to amplify phonon signals, significant local TES saturation can occur causing non-linear
TES response. This results in phonon pulse shapes that change both amplitude and
shape with absorbed energy [276]. Likewise, there can be event-position dependent
effects because channels at different distances from an event will experience different
phonon flux timing patterns. This can lead to pulse shape variations among channels
in a given event. This section describes several variations on the vanilla OF algorithms

with additional flexibility to account for second order effects such as these.

E.2.1 Two-Template OF

One simple extension to the OF described above is include a second template and
corresponding amplitude in the fit. This is commonly called the T'wo-template Optimal
Filter (2TOF). While the primary template is generally constructed as the average pulse
shape as before, the secondary template can be some next-order correction such as the

average residual of single template fits. As before, the x? is constructed,

o [ 1o(f) = (Aisi(f) + Aasa(f))e ™t ?
X —/ 77 df (E.21)

but is now minimized with respect to both amplitudes, resulting in

dx® [ =2sH(fo(f)e” b + 24isi(f)|? + 24,51 (f)s;(f)
d4; 0= / J(f) ! z df (E.22)

from which we obtain the set of equations

s LR [ st
[ = A e A [ R mas)

The integrals on the right depend only on the templates and noise, so can be pre-

calculated. The left integral is simply the application of the optimal filter for each



336
template to the measured signal. This system of equations can then be solved by
substitution or matrix operations to yield the set of template component amplitudes,
A;. Due to the additional degree of freedom, this algorithm generally yields better fits to
real pulses, but comes with higher computational cost. This procedure can be extended
to an arbitrary number of templates, with the same solution method and the size of the

corresponding matrices growing with the number of templates.

2TOF Template Testing

The 2TOF algorithm was first used in SuperCDMS to analyze the CDMSlite pulses
[118]. There, the two templates were constructed as the average pulse shape and the
average residual, after fitting with the first template. These were called the slow and
fast templates respectively, because the first average captured the general pulse shape,
while the residual captured shorter timescale variations on the rising edge of the pulses.
This procedure provided improved pulse fits and the resulting fast template amplitude
obtained in 2TOF fits was used to characterize the event position in the detector.

To further explore the use of the 2TOF fitting method, I tried an alternative ap-
proach in template generation and tested it using UMN data. Using the mean pulse
shape and residuals as the two templates is something akin to an expansion of the pulses
using a certain basis. With those selections, it should provide a good fit for the aver-
age pulse and also for pulses with shapes only slightly different from the average. In
a way, this is like starting with the average shape and working outwards. (One could
imagine constructing further, higher order templates, by taking the residuals of those
2TOF fits, and so on.) One concern was that this way of calculating the two templates
may not provide a set of templates that span the set of all pulse shapes fully. This is
because the calculation of the average pulse will be skewed toward the most common
pulse shapes, and not be well suited to fit rare events. This may be an issue because
these devices are used for rare event searches but the majority of measured pulses are
are from background data. As an alternative, I tried an approach where the two tem-
plates were selected to be at extreme ends of the range of pulse shapes, such that the
2TOF fits would be something like an interpolation between them.

indicates the sets of measured pulse shapes from which the templates were

generated. The left figure shows a distribution of rise and fall times measured from a
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set of real pulses in a Ge HV detector in UMN R61. The examples shown here were
produced using measurements from all 12 phonon channels with the detector operated
at 0 V bias. (Similar results were obtained with the detector operated at higher biases,
but are not shown here.) Pulses from the extreme ends of this were used to construct
the fast and slow templates. The highest density area was used to construct a single
template OF for comparison. The resulting PT template shapes are shown on the right
where the variation in both rise and fall times is clearly demonstrated. The ripple on
the falling edge of PTfast is a result of electrothermal oscillations prominent in this
setup. These are more likely to occur when the sensors receive a more sudden influx of

phonon power, which is also when the rise times are faster.
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Figure E.7: Left: Selection regions for 2TOF and OF templates. Right: Resulting
template shapes.

shows several examples of the fits in the time domain. As expected, the
two template combination yields better fits to fast and slow events. However, the single
OF template (perhaps not surprisingly) gives a better fit to pulses with average shape.
It seems that, for intermediate pulse shapes, the 2TOF tends to give a peakier fit than
needed. One notable feature is that both sets of templates have a more gradual initial
rise than the raw pulses. This is likely due to the templates being built from traces with
an assortment of start times which were not properly aligned.

After fitting a set of data with these new templates, an event energy quantity was

constructed from a linear combination of the two PTOF amplitudes. The calibration
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Figure E.8: Example fits to fast, medium, and slow pulses. 2TOF fits the extreme
pulses best, but OF does a bit better for the medium-speed pulses.

factors were set using the 10.4 keV activation line in Ge (Appendix B of [251]). [Fig. E.9
shows a scatter plot of the fast and slow template amplitudes with a linear fit to the
calibration line. Note that the 10.4 keV pulses exhibited a range of mixing between
the template types from almost entirely “fast”, to completely “slow”. This indicates
that the method allowed the pulses to be fit over the full span of pulse shapes. There
is a small population of events at either end of the calibration line with one negative
amplitude. These are not yet fully understood, but many exhibit worse OF fit y? values
than events with both amplitudes positive. There is also some evidence that the events
with negative fast amplitudes have a rising pulse edge which is slow, but of a different
shape than that of the slow template. Including a small negative fast component just
happens to allow an improved fit to that shape.

The real test of the algorithm is shown in There is shown a comparison
between the event energy as calculated using 2TOF and the single template OF. Both
quantities have similar overall spectra, but the 2TOF gives a far better resolution. It is
believed that this improvement is indeed due to the additional degrees of freedom to fit
the range of pulse shapes allowed by the 2TOF.

While this alternative template selection process has shown improvements against
the single template OF, it has not yet been directly compared to the CDMSlite style
of a mean and residual - generated template set. It would be interesting to compare
the relative coverage of the full space of pulse shapes between these two methods. Yet
another interesting alternative is to use principle component analysis (PCA) to generate
the templates. This method was specifically designed to select a minimal set of basis

vectors (what we are calling here templates) to describe a data set [277].



339

2T amplitude calibration

o

n

l"l\l\‘l\‘l:’k\\\\lll\l‘\\llll\l\

Fast Amplitude

0.5

-0.5

Lo b b b b L jxao®
-0.5 0 0.5 1 1.5 2
Slow Amplitude

Figure E.9: Calibration of energy quantity from the 2TOF amplitudes. The solid red line
indicates the relative scaling between the amplitudes which corresponds to a constant
10.4 keV energy.

E.2.2 NSOF, MxN OF

There are still more advanced versions of OF which have been developed. One example
is the MxN OF, which performs a simultaneous fit over N channels, each as a sum
of M templates. There is also the Non-Stationary OF (NSOF) which is described in
detail in Appendix E of [I84]. When we developed the basic OF formalism above,
we made the assumption that the noise was stationary, with its spectrum constant in
time. However, this is not strictly realized in a real device. For example, in the phonon
channels, the TES moves in the transition region as the phonons heat it. This changes
the circuit impedance and thus the noise spectrum during the pulse. The NSOF takes
such time correlated noise into account. In doing so, the mathematics becomes much
more complex, with the noise PSD, J(f), being promoted to a full frequency-space

auto-covariance matrix, V(f, f') and the x? definition becomes

V= / daf / 4f' (v(f) — As(f)e") V(flf) (v~ As(fyeen)  (@29)

This can also be solved analytically. For this method, one must generate both the
pulse template and the auto-covariance of the noise instead of the simple PSD. The latter

is calculated using the average residual noise after fitting each pulse with the template.
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Figure E.10: Improvement in 10 keV calibration line with 2TOF.

This method was used as the energy estimator in CDMSlite. These algorithms have been
described exhaustively elsewhere. Instead of repeating that work, we instead devote the
next section to describe some tests of a new twist on OF which has not yet received as

much coverage.

E.2.3 Nonlinear Optimal Filter

Another way to account for changing pulse shapes is to allow the template shape to
vary as well. In this method, we minimize the same x? expression as in the normal OF,

but use a template whose shape is controlled by a set of parameters, p.
s(t) = s(p,t) (E.25)

Minimizing y? with respect to p’ will, in general, result in a set of non-linear equations,
so we can not write a closed-form expression for the best fit p’ values. We thus call this
the “Non-linear Optimal Filter”, or NLOF. To find the best fit then, we must use the
x? goodness of fit with a standard minimization algorithm. This makes NLOF much
more computationally intensive than the above methods. (Really, even the vanilla OF
is nonlinear in tg, but since there is just the single parameter to minimize across, so
we did not require a very sophisticated architecture.) In principle, NLOF can be more

flexible to adapt to changing pulse shapes, but it relies on the user to develop a template
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function which can faithfully represent the full range of pulse shapes but which also has

a well-behaved y? in the § parameter space.

E.3 NLOF Bias Study

This section summarizes a study on the effects of performing NLOF fits with a set of
different template functions, some having more degrees of freedom than needed. In
particular, we were interested in understanding how NLOF bias and resolution behaves
for pulses near the noise level. It was done using the NLOF fitting and TES noise
simulation functions found in the QETpy package [278] which was developed by the
Berkeley SuperCDMS group.

A set of 2000 fake pulses, described by a simple 2 pole exponential function, were
generated at 20 different amplitudes. At each amplitude, 100 pulses were generated
with different instances of noise drawn from the same noise PSD. They were then fit
using the NLOF using a template having either 1, 2, 3, or 4 poles which were compared
to standard OF(0) fits. The form of the pulse shapes are given in There, A,
B, and C' are all amplitudes, tg is the pulse start time, 7, is the rise time, and the 7
values are all fall times. The so-called 1 pole NLOF fit also uses the 2 pole function,

but with the rise time a fixed parameter.

Fopote(t) = O(t) ( AetImr — Ae—t//ﬂ

fapole(t) = ot (Aeft//Tfl + Be /752 _ (A+ B)e—t’/n)

(E.26)
Fipotelt) = OF) (Ae™/7t 4 B/ 1 Ce™/700 — (A4 B+ C)e™/7)
t'=t—t
An example of an NLOF fit is shown in The top left plot shows a

comparison of the signal and pulse in frequency domain. The other figures show the fit
in the time domain. This example used the 2 pole function, so the free parameters were
amplitude, start time, and rise and fall times.

For the standard OF and 1,2 pole fits, the pulse amplitude is a natural parameter to
compare. However, with 3 and 4 pole fits, there is no single pulse amplitude parameter

that completely describes the pulse. For this reason, the integral of the best fit pulses
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Figure E.11: Example NLOF fit with a 2 pole template function.

were compared. This not only is a well defined quantity for all fit procedures, it is
the quantity which is actually proportional (to 1st order) to absorbed energy even
for changing pulse shapes Because the NLOF pulse templates are known

analytically, the best fit integral can easily be calculated from the best fit parameters

as follows:
o0
I= f()at
to
12 = A(Tf — TT) (E27)

I3 = Aty + Btpo — (A + B)71p
I3 =A7'f1 +BTf2+CTf3— (A+B+C)Tr
Both the OF and NLOF algorithms also provide estimates of the uncertainty of

returned quantities. For the OF, the expected integral resolution is calculated as

w o\ —1/2
O1,0F = (/ deJS> (E.28)

where s is the template, normalized to integral of 1 and J is the noise PSD. The NLOF

algorithm returns the fit covariance matrix ¥, the entries of which are the covariance
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of the model fit parameters near the best fit values. Given the Jacobian, J' of the
appropriate integral expression above (not to be confused with the PSD, J, which is a
very different creature), the estimated variance of the pulse integral can be calculated

as

1/2
OINLOF = (J’ZJ’T> (E.29)

where J' is evaluated using the best-fit parameter values. The covariance matrix, X
involves only the first derivatives of the pulse fit function, so this variance estimate of
the integral is only good to first order in the parameters. By comparing the sample
variance from fitting several example pulses to this estimated variance, we can get a
sense of when the model effectively becomes linear in the fit parameters.

Unlike the other OF variations discussed, the NLOF algorithm does not have an
analytic solution, so the fit parameters obtained are dependent on the x? minimization
settings, including initial parameter values and bounds. We describe here some tests of

these settings, again in the context of fitting a noisy 2 pole true pulse.

E.3.1 Default Parameter Bounds

In one test, the NLOF algorithm was given fixed initial 7 values of; 20 us rise time and
falltimes of 100, 300, and 500 us respectively. Initial values of ty and A were estimated
from the maximum point in the raw trace while B and C were both initialized at A/3.
From there, the parameter bound requirements were to be within a factor of 100 of the
initial amplitudes, a factor of 10 for the fall times, and within 30 bins for ¢y. The fits
were compared between seven different OF algorithms, described in

Algorithm Description Fit Parameters, p’

OFO0 OF with fixed tg A
OF OF which maximizes |A| A, to

OFpos OF which maximizes A A, tg

1-pole NLOF with 2-pole template and 7, fixed A, to, Ty

2-pole NLOF with 2-pole template A, to, T, Ty

3-pole NLOF with 3-pole template A, B, to, Tr, Tf1, T2

4-pole NLOF with 4-pole template A, B, C, to, 7, Tf1, Tf2, Tf3

Table E.1: OF fitting algorithms compared in this study.
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shows comparisons of the fitted and true integrals (in units of pAXxpus=
pC) for each algorithm. The mean value at each true integral value, I, is shown as
the solid blue line and the standard deviation is represented as the shaded region. The
dashed red line indicates how perfect agreement would appear. Immediately one can
see that OFO0 provides the best fit, as expected. OF and OFpos are comparable down
to low amplitudes, but not below the noise level. One important note here is that the
distribution of OF near I = 0 is bimodal (as shown in[Fig. E.4)) so the mean and standard
deviation do not capture the full story. Now, the NLOF fits performed decently at high
energy, but showed a plateau similar to OFpos near I = 0. They also had noticeably

higher variance.

OF0 OF OFpos
3 6 &
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T o3 3 3
‘E‘ 2 2 2
£ 1 1 /z 1 ”
o 0 o
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Integral [pC] Integral [pC] Integral [pC]

Figure E.12: Maps of fitted integrals for various OF fits. Solid blue lines indicate the
average values while the shaded region denotes the standard deviation. The red dashed
lines are of slope 1 and are shown for comparison.

Fig. E.13| provides another perspective on this same dataset. The figure on the left
presents the deviation of the mean fit integral from the true integral (i.e discrepancy
between the dashed red and solid blue lines in . The error bars represent
the standard error of the mean, o/v/N, i.e. the statistical uncertainty of these values

due to the limited number of fitted pulses. Here we see that the OFO0 is unbiased
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everywhere and OF and OFpos are unbiased above the noise, all consistent with our
theoretical treatments above. Near I = 0, OFpos becomes biased positive as expected.
However, OF, free to chose any amplitude and start time, appears to be biased low in the
noise. However, this may be an artifact of low statistics and the bimodal distribution.
Theoretically OF should have an equal likelihood of selecting a positive or negative
amplitude for a pure noise trace. (In fact, dedicated testing with this algorithm has
borne this out, but it can take hundreds of samples for the mean to converge at low
amplitudes.) Now, the 1 and 2 pole fits slightly underestimate the integral until they
reach the noise, at which point they start to overestimate in a similar manner to OFpos,
though interestingly with less bias near I = 0. The 3 and 4 pole fits were found to always
overestimate the integral by as much as 50%. Interestingly, they are slightly less biased
near the edge of the noise wall, but become more biased again further into the noise.
The presence of positive bias in 2 and 4 pole fits is expected at some level because the
amplitudes B and C were constrained to be positive and non-zero and the fall times
Tro and 73 were required to be finite. However, this was not enough to account for
such large biases. In addition, those parameters were generally not near their boundary

values.

— OF0
oF

Fit Integral Std[pC]

<Fit Integral> - Integral [pC]

2
Integral [pC] Integral [pC]

Figure E.13: Left: Deviations of mean fit integral from true pulse integral. Error bars
represent standard error of the mean. Right: Standard deviation of fit integrals. Solid
lines give the measured stdev of fit integrals while dashed lines show the theoretical
expected stdev.

The right side of shows the standard deviation of fit values as a function
of true integral. The solid lines represent the measured standard deviation of the fitted

integral of the sample population at each true integral (i.e. 1/2 the shaded width in
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Fig. E.12). The dashed lines are the average of the estimated integral variances based
on the fit covariance as described in [Eq. E.28 and [Eq. E.29 Those are the theoretical

estimates of variance from the individual fits. As expected, OF0 had consistently low

standard deviation, consistent with the theoretical resolution. The standard deviation
of OF becomes less meaningful at low amplitudes due to the distribution splitting as
described above. OFpos actually becomes more precise below the noise, though this is
paid for with decreased accuracy. The 1 and 2 pole fit standard deviations both come
in with about 2x the OF0 value, while the 3 and 4 pole values are roughly 4x that of
OFO.

Both the measured and estimated variances indicated that adding unnecessary de-
grees of freedom degrades the resolution in the scenario tested. All methods appeared
consistent with their theoretical variance estimates well above the noise. However, be-
low I ~ 3.5 pC, the 4 pole fit performed somewhat better than the estimate. The 1
and 2 pole fits generally yielded variances 10 — 20% higher than the estimate except in
a region near 1 pC where they deviate substantially. It is not yet understood what is
driving this sudden deviation. As a reminder, the variance estimates for the NLOF fits
are only strictly correct when x? is effectively linear in the parameters. We of course
know this is generally not the case, so in some ways it is remarkable how close the

agreement is.

E.3.2 Guess NLOF t; from OF

Much of the loss of resolution of the NLOF fits near threshold in the above trials may
simply be due to poor initial guesses for the start time, ty. By default, tg was naively
selected to be at the point of the raw trace with the largest positive amplitude. To
improve this, it was suggested to use the start time found by the fixed template OF
algorithms as the guess #y given to NLOF. This was done in 2 different manners. One
trial made no assumptions about the pulse polarity, so utilized the OF start time as a
guess, and imposed no amplitude bounds in the NLOF fits. The other trial assumed
positive-going pulses and correspondingly used the OFpos start time and restricted the
NLOF amplitudes to positive values.

shows the set of fits obtained when t( is selected using the OF start time.
It shows that the NLOF fits generally are similar to the OF algorithm, with a flaring
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standard deviation near I = 0. This supports the idea the the fit behavior near the
noise is very sensitive to the start time selected. In this case, they are likely all trying
to fit a similar noise excursion, instead of the true pulse. There is also a huge anomaly
in one point of the 4 pole fit. This was due to a single fit which failed to converge. As
of this analysis, we have not implemented any automatic procedures to check for, and

handle such occasions.
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Figure E.14: NLOF fits with t¢ initialized by OF.

A similar result is found when OFpos is sued to supply the tg guess. This can be
seen in where all of the NLOF fits follow the same general trend, with a slight
positive bias near 0 (again, ignoring a few outliers due to failed fits). By comparing to
the first trials above, this procedure has been shown to improve the 1 and 2 pole fits
biases to match that of OFpos. In addition, it has lowered their variances near the noise

considerably.

E.3.3 Conclusions

The first steps have been made to systematically study biases in NLOF fits. A simple
2-pole pulse model was used to generate fake events which were fit with a variety of

OF and NLOF algorithms. Known biases in OF integrals were observed and similar
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Figure E.15: NLOF fits with g initialized by OFpos.

biases in NLOF integrals were seen as well. Additional bias and variance was found

when the pulse template had unneeded degrees of freedom. Finally, it was shown that

the output of standard OF algorithms can be useful to set starting parameter values

in the more flexible NLOF, and can help improve the fit results thus obtained. The

NLOF algorithm is a powerful tool, but there is still much to understand about how it

may behave near the noise threshold. Though not discussed here, we have also found it

fruitful to examine the distribution of the individual fit parameters (instead of just the

implied integral). Future studies may also examine more complex situations where the

underlying true pulse shape varies as a function of energy. It is expected that this will

be a scenario in which the full flexibility of NLOF will be utilized.



Appendix F

Analytical (n,27) Decay model

This appendix presents a simple analytic model of the recoil energy distribution expected
for a composite recoil cascade. We assume a recoiling nucleus has only 2 transitions to

get to the ground state and the nucleus recoils in a random direction at each transition.

F.1 Kinematics

We will call the energies of the first and second emitted gamma F, ; and E, 5 respec-
tively. With each recoil, the nucleus receives momentum p = E,/c in some direction.
These are low enough that the recoiling Si nucleus is non-relativistic, v/¢ ~ 0.001. For
this reason, we will also assume that the linear stopping power, S = —%—f is constant.
Note that this greatly simplifies the complicated slowing-down process of the recoiling
nucleus. Some calculations indicate the stopping power should actually decrease by a
factor of a few as the nucleus slows down following the recoil [279]. However, this is
a stochastic process that depends on the manner in which the nucleus initially sheds
electrons and then later picks new ones up as it neutralizes and how it moves through
the crystal lattice, etc. These details are not well understood at this time, so we make
the constant S assumption. Though it requires significantly more study, the (n, ) recoil
techniques discussed elsewhere in this work may some day even be used as a probe of
such microphysics!

In this simple model, the nucleus experiences the first decay at ¢ = 0 while at

rest. This imparts momentum p = E, 1/c and the nucleus recoils with kinetic energy

349
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2
E(t =0) = "1 and velocity v(t = 0) = E,1/mc. It then starts to slow through

2mc?

interactions with the crystal with constant acceleration is a = S/m. We can combine

these to calculate the total energy deposited as a function of time

_ (B, Lo
Eiep1(t) = —x(t)S = ( ot oSt > S (F.1)

The second gamma decay occurs at some later time, t4. If the first recoil comes to a

stop before the second recoil occurs, then the total deposited energy is easy to calculate

as
E? . + E?
_ Tl 7,2
Edep(td) - W’ ta > tstop (F2)
where tg0p = FE,1/|S]|c is the time it would take the nucleus to come to a stop from

the initial recoil. Of course we are more concerned with the case where the second
decay occurs in-flight. Then, the remaining momentum from the first decay will be
p1(ta) = Ey1/c+ Stq. The second decay imparts additional momentum py = E, /¢
in a direction which differs from p; by some angle ¢. In this case, the resulting total

momentum of the nucleus immediately after the second decay is

P’ (ta) = pi(ta) + 3 + 2p1(ta)p2 cos(9) (F.3)

Now, all of the energy from this second decay will get deposited. So to find the total

deposited energy during the cascade sequence we take

B, p%@d)) N P*(ta)

mc2 2m 2m

Edep(tda ¢) = Edep,l(td) + Edep,2(td7 (b) = < , tg < tstop (F4)

which simplifies to

E?,+E?, E,.E t
Edep(td’¢) = 2.1 7.2 + 2.1 b} 2 <1 - d ) COS(¢), td < 755150;1) (F5)

stop

2mc? me

A plot of this is shown in We see that for long decay times, the angle does
not matter and we get the quadrature sum of the energies. For short decay times, a
boost along the same direction as the initial decay enhances the deposited energy. If the

decays are perpendicular, we also recover the quadrature sum of energies as expected.
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Figure F.1: Deposited energy versus angle for a range of decay lifetimes.

F.2 Probabilities

Now we want to see how likely each recoil energy is. That is, we want the probability
density function (PDF), fg,.,(Eaep) of deposited energy Egep. We know the PDFs for
tq and cos(¢) are

fia = — exp(~ta/T)O(1a) (F.6)

and

front) = 501 — €0s(8))O(1 +cos(4)) (k.7

where the Heaviside step function, ©(x), imposes the proper range of t; and cos(¢). We
just need to see how these PDF's change as we send them through each operations used

to calculate E,ccoii- For simplicity, we start by rewriting
Egep = A+ (B — C x tg) cos(9) (F.8)

where A,B, and C are constants determined by the gamma energies, etc. We start with
the operation of —C' x t4. In general, when multiplying a random variable, x, having
PDF fx(z) by a constant, C, the PDF of the resulting Z = CX is fox(z) = ‘—é'fx(%)
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Applying this rule, we obtain

Fc(e) = (;) = - ep(=/0n)0(~2/C) (F.9)

This is the PDF of the product of —C and the random variable ¢4. It retains the
exponential shape, but is flipped and stretched out. Now we want to add an offset B
to obtain B — Cty.

When summing two random variables, Z = X + Y with PDFs fx(z) and fy(y),
the result is the convolution fxiy(z) = fx(z)* fy(y) = [fx(z —y)fy(y)dy. A
special case is if one of those values, Y = C' is a constant. Then fy(y) = é(y — C)
and fyrc = fx(z — C). So, applying this rule, we can obtain the next stage of the

calculation

fo-crl) = foulz = B) = me(Co)0(-222)  (R10)

Cr

Next we need to take the product with cos(¢). The rule for the product of two

random variables Z = XY is

Fey(2) = / rx@) sy (2) L (F.11)

|z

Using this, with the expressions above, we obtain

f(B—Ctd) cos(¢) (Z) =

_exp(—=B/Ct) [* exp(z/CT)
B 2CT /—oo ||

(F.12)

o (B(; ””) O(1 — 2/2)0(1 + 2/z)dx

The constraints work out to mean that the integral is non-zero in two regions where
—00 < x < —|z| or |z] < x < B. So we get two integrals and the whole expression is

only valid for |z| < B.

f(B—C’td)cos(qb) (Z) -
B exp(—B/CT) —l2l exp(z/CT) B exp(z/CT) . N
e (/oo Rl e ) OB = 2)0(B +2)d

(F.13)

Now, these integrals do not have a nice closed form, but we can clean things up using

the special function known as the “Exponential Integral”, E;(z) = — [ %dt. A
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couple changes of variables lets us write the above expression as

f(B—Ctd) cos(¢) (Z) -

LORCBIC) [ (5 g (B g ()] etn - sz
(F.14)

The last step is to add in the constant, A using the sum rule from before. We then

obtain

fEdep = fA+(B—C’td) cos(¢) (Z) -

- a(2)- 1 (55) - (55))

OB—z+A)O(B+2z—A)

We also cheated a little bit and neglected the case when the second decay happens
after the first has completely stopped. That is when t; > B/C. This case occurs with
probability exp(—B/CT), and we always get Eg, = A. So there is an additional piece
to the total PDF that looks like exp(—B/CT)d(z — A)

We can also go back and identify the constants A, B, and C as follows:

A Bt B,

2mc?

_ EyiEy e

mc

o=t
m

A plot of the PDF of Ey, for several values of 7 is shown in [Fig. F.2] The height of

the central peaks are a little awkward to display because both the delta function and

(F.16)

smooth PDF are formally infinite at A.

We see that, for short decay times, we get a uniform distribution because the total
energy just depends on emission angle. At longer decay times, a peak appears around A,
as it becomes less likely for the second decay to occur in-flight. In we show the
relative fraction of events that appear in the delta-function peak. When the intermediate
state lifetime is longer than the stopping time, there is basically no smearing, and all
events deposit energy A. But as the lifetime becomes comparable to the stopping time,

this quickly falls off.
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Figure F.2: Example PDF of deposited energy for a range of lifetimes.
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Appendix G

Fano Width

G.1 Contributions to Peak Width

In general, we parameterize the resolution of some detector at a measured energy, E,,

as

0? =02 + BE,, + (AE,,)*. (G.1)

Here, oy is the baseline resolution, which is generally set by electronics or charge leakage
noise and can be measured as the width of the randoms distribution. The B term is
related to the statistics of charge creation. Other detector or reconstruction effects can

contribute to both A and B.

G.2 Fano Factor

When an interaction occurs in a semiconductor detector, a number of e/h pairs are

produced. The average number is

E[on>

Ey

) = !

(G.2)

where £, is ~ 3.0(3.8) for Ge(Si) and Ej,y, is the amount of energy which goes into the
production of e/h pairs. For a single recoil, we have (Ejon) = Y (ERecoil) ERecoil;, Where

Y is defined to be 1 for electron-recoils and is a function of energy for nuclear recoils.
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For Eron > €4, the distribution of the number of charges produced is Gaussian

_ 2
P(N) x exp [—W} (G.3)

where F' is the Fano factor [131] which describes the departure from Poisson statistics
due to the correlated nature of charge production. This distribution has a mean of (N)
and variance o3, = F(N).

Now, we generally do not measure N directly. In a simple case, we instead measure
some voltage, V' from our equipment which is linearly related to NV , V = aN. In that

case, the distribution of this measured voltage should look like

>)2] e {_(V—W] (G.4)

(g —¢

2F (

8l

) 2Fa(V)

i.e. the mean is now (V) and the variance in the same units as V is o, = Fa(V). Note

P(N) x exp [—

8l

that the relative width of the peak has not change just because we changed units. We
just need two factors of a to rescale, i.e. o3 = a?c% = aF (aN) = Fa(V).

The case of measuring phonon signals in a CDMS detector is a little different. We
measure the total phonon energy, Er, and divide by the NTL gain to get a measurement
in electron-equivalent units, E.. = E7/(1 + eV/e,). Now, the total phonon energy is
the sum of the initial recoil energy and the NTL phonon energy, B = Er+ NeV. But,
across many trials with the same conditions, Er is constant while N varies as described
above. Thus Ep is not directly proportional to the number of e/h pairs produced in a

particular event. But the variance of N directly gives us the variance of Ep as

U%T = (eV)ZJJQV = (6V)2F<N> (G.5)

So the constant Er changes the offset of the Ep distribution, but the width is set by
variation in N. This leads to the following expression for variance of the calibrated

electron-equivalent energy

<E10n>

Ey

0%, = (V)2 F(N)/(1 +eV/ey)? = (eV)*F J(1+eV/ey)?. (G.6)



	Acknowledgements
	Dedication
	Abstract
	List of Tables
	List of Figures
	Dark Matter
	Evidence for Dark Matter
	Galaxy and Cluster Dynamical Measurements
	Gravitational Lensing
	Cosmological Evidence

	Dark Matter Candidates
	Baryonic Matter
	Axions
	WIMPs
	Dark Sectors
	Electron-Recoil DM

	Dark Matter Searches
	Indirect Detection
	Production
	Direct Detection


	SuperCDMS
	Collaboration and Facilities
	Early CDMS
	The Soudan Era
	SuperCDMS SNOLAB
	SuperCDMS Test Facilities

	Detectors
	Electron- and Nuclear-Recoils
	Charge Signal
	Phonon Signal
	Detector Variations
	DAQ and Data Processing


	Phonon Sensors
	TES Basics
	QETs

	Ib-Is curves
	Complex Impedance
	Derivation
	Measurement

	TES Energy Response
	Impulse Response
	Strong Feedback Case
	Higher Order Corrections
	Empirical Calculation from Ib-Is Curve
	Bias in Integral of Squared Noisy Signal


	Phonon Signal Noise
	SQUID and Readout Noise
	Johnson Noise
	Superconducting and Normal Noise
	Transition State Noise
	Passive Johnson Noise (PJN) in Transition
	TES Johnson Noise in Transition
	TES Thermal Fluctuation Noise
	Total Transition State Noise

	PJN studies at UMN
	Measuring PJN Contribution
	Improving PJN
	PJN Noise Model Parameters

	HV Noise
	Properties
	Contact-Free Electrodes
	Ongoing Studies


	Event Position Reconstruction
	HV Detectors
	(r, ) Estimation
	z Estimation
	Uniform Neutron Activation Assumption

	iZIP Detectors and an In-Situ Source Mover
	Design and Construction
	Experimental Setup
	Heating Issues
	Stutter-Step Operation
	Phonon Collection Efficiency
	PCE Modelling
	Position Mapping
	Next Steps


	Scaling Up - 150 mm Devices
	Motivation
	Detector Designs
	Measured Charge Pulses
	Absolute Charge Calibration

	Experimental Results
	Gamma Simulations
	Charge Collection Efficiency
	Accumulating Counter-Bias
	Detector Reset with LEDs

	Conclusions and Acknowledgements

	Low Energy NR Calibration
	Experiment
	Noise
	OF Templates

	Data Analysis
	Baseline Correction
	INTall Baseline Slope Correction
	Data Quality Cuts
	Cut Efficiencies
	DAQ Efficiencies
	Energy Calibration
	NaI Detectors

	Simulations
	Fitting
	Measured Spectrum and Background Subtraction
	Simulated Spectrum
	MCMC Sampling Method
	Integral Method

	Discussion
	This Work
	Next Steps


	HVeV Detectors
	Energy Efficiency
	Estimating Circuit Parameters
	Ib-Is Analysis
	Efficiency Measurement

	Pulse Bursts
	Anatomy of a Burst
	Arrival Timing
	Other Properties
	Changing Burst Behavior
	Speculations on Origins

	New Perspectives on Old Problems

	Conclusions and Outlook
	Effects on WIMP Sensitivity
	Yield and Threshold
	Detector Size
	Fiducialization

	Outlook

	References
	 Appendix A.  WIMP Parameter Calculations
	Thermal Freezeout of DM
	Theoretical WIMP Detection Rate

	 Appendix B.  Charge Signal Model
	Basic Model
	Trapping
	Same Species Impact Ionization
	Opposite Species Impact Ionization
	Relation to NTL Phonon Signal

	 Appendix C.  Electronics Designs
	HV board
	Filter Switchboard
	NEXUS Cold Electronics
	4 K board
	1 K board
	MC boards


	 Appendix D.  Toy Phonon Model
	 Appendix E.  Pulse Fitting
	Optimal Filter Fitting
	OF and OF0
	OF Resolution and Bias
	Digitization Concerns

	OF Variants
	Two-Template OF
	NSOF, MxN OF
	Nonlinear Optimal Filter

	NLOF Bias Study
	Default Parameter Bounds
	Guess NLOF t0 from OF
	Conclusions


	 Appendix F.  Analytical (n,2) Decay model
	Kinematics
	Probabilities

	 Appendix G.  Fano Width
	Contributions to Peak Width
	Fano Factor


